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1 t ABSTRACT 
This  r e p o r t  d e s c r i b e s  t h e  i n v e s t i g a t i o n  f o r  NASA (Cont rac t  
NAS 1- 69 18 ) t o  de te rmine  t h e  a p p l i c a b i l i t y  of "Heat less Adsorpt ion" 
t o  carbon d i o x i d e  c o n t r o l  i n  manned s p a c e c r a f t .  
H e a t l e s s  a d s o r p t i o n  i s  a low power, r a p i d  c y c l i n g  process  
t h a t  can remove s e l e c t e d  components from gaseous  s t r eams .  The p rocess  
uses  a purge gas  a t  reduced p r e s s u r e  t o  r e a c t i v a t e  t h e  adso rben t .  
The purge can be e i t h e r  a p o r t i o n  of  t h e  product  from t h e  adso rb ing  bed 
o r  a p o r t i o n  of t h e  d e p r e s s u r i z a t i o n  gas .  
The Hea t l e s s  Adsorp t ion  process  was e v a l u a t e d  i n  a two phase 
program f o r  p red ry ing  and f o r  carbon d iox ide  removal.  System des ign  
parameters  were e v a l u a t e d  us ing  s t a t i s t i c a l l y  des igned  exper iments .  The 
two most impor tan t  parameters  were found t o  be t h e  l e v e l  of purge and t h e  
space  v e l o c i t y .  Bed l e n g t h  had l e s s  of a n  e f f e c t ,  wh i l e  s o r p t i o n  tempera ture  
and c y c l e  t ime were found t o  have no  s t a t i s t i c a l l y  impor tan t  e f f e c t s .  
A polynominal e q u a t i o n  was de r ived  d e s c r i b i n g  t h e  r e l a t i o n s h i p  between 
t h e  moi s tu re  c o n t e n t  of t h e  product  gas and t h e s e  parameters .  This  
equa t ion  may be used t o  equa te  d ry ing  c a p a c i t y  t o  f i x e d  sys tem weight  and 
e l e c t r i c a l  power, and f o r  comparing the ene rgy  r e q u i r e d  f o r  h e a t  a s s i s t e d  
d e s o r p t i o n  t o  t h e  energy  r e q u i r e d  f o r  h e a t l e s s  a d s o r p t i o n .  This  equa t ion  
a l s o  p rov ides  a b a s i s  f o r  des igning  a l a b o r a t o r y  h e a t l e s s  d ry ing  system 
and f o r  des ign ing  exper iments  t h a t  w i l l  d e s c r i b e  a n  optimum f l i g h t  
p r o t o t y p e  system des ign .  The i n v e s t i g a t i o n  i n d i c a t e d  t h a t  a i r  can be 
d r i e d  t o  a l eve l  o f  2 t o  30 p a r t s  p e r  m i l l i o n  moi s tu re .  T h e o r e t i c a l  power 
r equ i r emen t  f o r  a 3-man system a r e  about 40 t o  80 w a t t s  depending on t h e  
moi s tu re  l e v e l  d e s i r e d .  The use of a purge gas  t o  a s s i s t  vacuum d e s o r p t i o n  
of  carbon d i o x i d e  from molecular  s i eves  was n o t  c o n c l u s i v e l y  demonstrated 
t o  improve t h e  n e t  e f f i c i e n c y  of t h e  process .  Though t h e  c a c i t y  is 
improved, the m a t e r i a l  loss  may be inc reased  due t o  t h e  i n c r e a s e  i n  c y c l e  
r a t e .  
V 
I .  1. SUMMARY 
This  r e p o r t  d e s c r i b e s  t h e  program c a r r i e d  o u t  under NASA Con t rac t  
NASI-6918 t o  de te rmine  t h e  a p p l i c a b i l i t y  of ESSO'S H e a t l e s s  Adsorp t ion  
process  t o  carbon d i o x i d e  c o n t r o l  i n  manned s p a c e c r a f t .  
grow longer  , r e g e n e r a t i v e  processes  for  removing carbon d iox ide  from 
contaminated s p a c e c r a f t  atmospheres w i l l  be  e s s e n t i a l .  Curren t  p l ans  
c e n t e r  around t h e  use of molecular  s i e v e s  f o r  carbon d iox ide  removal and 
s i l i c a  g e l  f o r  p red ry ing  t h e  contaminated gas .  Predry ing  i s  r e q u i r e d  
s i n c e  molecular  s i e v e s  w i l l  adso rb  water p r e f e r r e n t i a l l y  t o  carbon d i o x i d e .  
Regenera t ion  of t h e  adso rben t  would be accomplished i n  a vacuum type  c y c l e  
( i n  con junc t ion  w i t h  h e a t  i n  some c a s e s ) ,  wh i l e  t h e  d e s i c c a n t  would be 
h e a t  desorbed .  Both t h e s e  methods o f  r e g e n e r a t i o n  have shortcomings.  
Thermal r e g e n e r a t i o n  may r e q u i r e  a cons ide rab le  amount of power t o  g e n e r a t e  
h e a t .  This  h e a t  i s  then  l o s t  o r  r e q u i r e s  h e a t  exchange equipment t o  r e c o v e r .  
Vacuum c y c l e s  a r e  u s u a l l y  d e s o r p t i o n  r a t e  and/or  e q u i l i b r i u m  l i m i t e d  and 
s o  r e q u i r e  l a r g e r  beds of adsorbent  than a r e  d e s i r a b l e .  
A s  space  mis s ions  
The H e a t l e s s  Adsorp t ion  process  e l i m i n a t e s  many of t h e  problems 
c i t e d  above.  H e a t l e s s  a d s o r p t i o n  is a low power, r a p i d  c y c l i n g ,  two-bed 
p rocess  t h a t  can remove s e l e c t e d  components from gaseous s t reams.  The 
p rocess  uses  a gas  a t  reduced p res su re  a s  a purge f o r  r e a c t i v a t i n g  t h e  
a d s o r b e n t .  The purge can be e i t h e r  a p o r t i o n  of t h e  product  from t h e  adso rb ing  
bed,or  a l t e r n a t e l y ,  a p o r t i o n  of t h e  dep res su re  gas .  The Hea t l e s s  Adsorp- 
t i o n  method of s o r b e n t  r e g e n e r a t i o n  i s  f a s t e r  and more e f f e c t i v e  f o r  many 
a p p l i c a t i o n s  than  o t h e r  inethods and i t s  u se  u s u a l l y  r e s u l t s  i n  s av ings  
i n  a d s o r b e n t  weight  and power requi rements .  
I n  a two phase program, t h e  Heat less  Adsorp t ion  p rocess  was 
e v a l u a t e d  f o r  bo th  p r e d r y i n g t h e  contaminated g a s  and carbon d iox ide  removal.  
I n  t h e  f i r s t  phase,  t h e p r e d r y i n g s t e p  was i n v e s t i g a t e d .  The e f f e c t s  of 
t h e  d i f f e r e n t  system parameters  were eva lua ted  us ing  s t a t i s t i c a l l y  
des igned  exper iments .  The two most important  parameters  were found t o  be 
t h e  leve l  of  purge and t h e  space  v e l o c i t y .  Bed l e n g t h  had less of  an  
e f f e c t , w h i l e  s o r p t i o n  tempera ture  and cyc le  t i m e  were found t o  have no  
s t a t i s t i c a l l y  impor tan t  e f f e c t s .  Based on expe r imen ta l  d a t a ,  a polynomial 
e q u a t i o n  was developed d e s c r i b i n g  t h e  r e l a t i o n s h i p  between t h e  moi s tu re  
c o n t e n t  of t h e  d r i e d  gas  and these parameters. This  equa t ion  provides  
a b a s i s  f o r  des ign ing  a n  opt imized  Hea t l e s s  Drying system f o r  s p a c e c r a f t  
u s e .  Examination of s e v e r a l  p o s s i b l e  des igns  show t h a t  t h e  contaminated 
a i r  can be d r i e d  t o  a l eve l  of 2 t o  30 p a r t s  p e r  m i l l i o n  moi s tu re .  T h e o r e t i c a l  
power requi rement  f o r  a t h r e e  man system a r e  about  40 t o  80 w a t t s  depending 
on t h e  m o i s t u r e  l eve l  d e s i r e d .  A pro to type  system should  now be b u i l t  
S O  t h a t  t h e  a c t u a l  power r equ i r emen t s  can be determined and o t h e r  long 
t e r m  o p e r a t i n g  c h a r a c t e r i s t i c s  s t u d i e d .  
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In t h e  second phase of t h e  program, t h e  u s e  of purge t echn iques  
was s t u d i e d  t o  improve vacuum d e s o r p t i o n  of carbon d i o x i d e  from molecular  
s i e v e s .  Adsorp t ion -deso rp t ion  c h a r a c t e r i s t i c s  were i n v e s t i g a t e d  u s i n g  
s i m u l a t e d  s p a c e c r a f t  a i r  w i t h  carbon d i o x i d e  p a r t i a l  p r e s s u r e s  i n  t h e  r ange  
of t h o s e  a n t i c i p a t e d  i n  l i f e  suppor t  systems.  
r e l a t i o n s h i p s  were developed showing a i r  l o s s  (du r ing  d e s o r p t i o n )  and 
a d s o r b e n t  c a p a c i t y  a s  a f u n c t i o n  of purge,  space  v e l o c i t y ,  c y c l e  t i m e ,  
carbon d iox ide  p a r t i a l  p r e s s u r e ,  bed l e n g t h ,  and t h e  type  of molecular  
s i e v e .  The d a t a  show t h a t  purge d e s o r p t i o n  may r e s u l t  i n  i n c r e a s e d  system 
c a p a c i t i e s  a t  a g iven  r a t e  of a i r  l o s s  compared t o  vacuum desorbed systems. 
F u r t h e r  experimentat ion i s  r e q u i r e d  t o  s e l e c t  optimum o p e r a t i n g  c o n d i t i o n s  
f o r  making b e s t  use of t h e  purge i n  a s p a c e c r a f t  system. 
Based on expe r imen ta l  r e s u l t s ,  
- 3 -  
2. INTRODUCTION 
I I n  o r d e r  f o r  men t o  s u r v i v e  and f u n c t i o n  i n  space ,  they must be 
provided w i t h  s u i t a b l e  gaseous environments c o n t r o l l e d  w i t h  r e s p e c t  t o  
composi t ion ,  t empera ture ,  and p r e s s u r e .  The key e lement  i n  composition con- 
t r o l  i n v o l v e s  s e p a r a t i o n  of carbon dioxide from enc losed  atmospheres.  
Systems f o r  carbon d i o x i d e  c o n t r o l  i n  s p a c e c r a f t  have a l r e a d y  been 
proposed based on the  use of 20th r e g e n e r a t i v e  and nonregene ra t ive  carbon 
d iox ide  a d s o r b e n t s .  For s h o r t  space mis s ions  l a s t i n g  l e s s  than two weeks, 
the  use of nonregene ra t ive  adso rben t s  such  a s  LiOH appears bes t  f o r  carbon 
d iox ide  removal. The weight  of LiOH needed i n  such a l i f e  suppor t  sys tem 
i s  d i r e c t l y  p r o p o r t i o n a l  t o  the mis s ion  du ra t ion .  As miss ions  grow longe r ,  
t h e r e f o r e ,  r e g e n e r a t i v e  carbon d iox ide  s y s t e m s  w i l l  be needed t o  minimize 
t o t a l  we igh t .  
I Based on c u r r e n t  technology, the s y n t h e t i c  molecular  s i e v e s  
a r e  the  p r e f e r r e d  carbon d i o x i d e  adso rben t s  f o r  use i n  such systems. These 
h igh  c a p a c i t y  f o r  carbon d i o x i d e ,  even a t  low p a r t i a l  p r e s s u r e s  (1-10 mm Hg 
a b s o l u t e ) .  Furthermore,  the  a d s o r p t i v e  a t t r a c t i o n  i s  dependent on e l e c t r o -  
s t a t i c  f o r c e s  r a t h e r  than chemical bonding so  t h a t  r e g e n e r a t i o n  of t h e  
s o r b e n t  i s  p o s s i b l e .  The problem w i t h  molecular s i e v e s ,  however, i s  t h a t  
t h e i r  a f f i n i t y  f o r  h i g h l y  p o l a r  compounds such as wa te r  i s  even g r e a t e r  
than t h a t  f o r  carbon d i o x i d e .  Atmospheric humidi ty  g r e a t l y  reduces  the 
z e o l i t e s '  c a p a c i t y  f o r  Cog by occupying a d s o r p t i v e  s i t e s .  Consequently,  
a molecu la r  s i e v e  based system m u s t  include p r o v i s i o n  f o r  d ry ing  the  gas 
b e f o r e  i t  c o n t a c t s  t h e  adso rben t .  Th i s  compl ica tes  t h e  system somewhat, 
b u t  on t h e  o t h e r  hand, p rov ides  f l e x i b i l i t y  i n  a d a p t i n g  i t  t o  d i f f e r e n t  
r equ i r emen t s  of m a t e r i a l  c o n s e r v a t i o n .  
I h i g h l y  porous,  c r y s t a l l i n e ,  a l u m i n o - s i l i c a t e  compounds have a r e l a t i v e l y  
Based on t h e s e  r equ i r emen t s ,  the carbon d iox ide  c o n t r o l  system could 
be des igned  f o r  t h r e e  d i f f e r e n t  modes of o p e r a t i o n  a s  shown i n  Table 1. Model 
systems have been proposed and i n  some cases  e v a l u a t e d  f o r  t h e s e  o p e r a t i o n s .  
I n  g e n e r a l ,  t h e s e  systems use the rma l ly  r egene ra t ed  s i l i c a  g e l  d e s i c c a n t  
and vacuum o r  the rma l ly  r egene ra t ed  molecular s i e v e .  S i l i c a  g e l  i s  the pre- 
f e r r e d  d e s i c c a n t  m a t e r i a l  s i n c e  i t  possesses  a r e l a t i v e l y  h igh  c a p a c i t y  f o r  
w a t e r  and y e t  i s  q u i t e  s e l e c t i v e ,  having  a lmost  no a f f i n i t y  f o r  carbon 
d i o x i d e ,  oxygen and n i t r o g e n .  
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, 
Table 1 
Conserva t ion  Requirements Depend 
on Mission Dura t ion  
Mission Length ~ 7 0  co 3 
12-50 days.  ( F u e l  c e l l  Re jec t  t o  s p a c e  Reject t o  space  
by-product water a v a i l -  
a b l e )  
50-100 days. ( I s o t o p e  Recover Reject t o  s p a c e  
power sou rce ) .  
Greater than 100 days. (02 
recovered  from CO,) 
R e  cover  Recover 
Obviously,  r e g e n e r a b l e  systems which remove water and carbon d i o x i d e  inde -  
pendent ly  of one ano the r  could  be r e a d i l y  adapted  t o  any mis s ion ,  r e g a r d l e s s  
of d u r a t i o n .  
I n  any r e g e n e r a t i v e  a d s o r p t i o n  p r o c e s s ,  t h e  technique  used f o r  
r e g e n e r a t i o n  of the adso rben t  m a t e r i a l  i s  a key f a c t o r  i n  e s t a b l i s h i n g  t h e  
o v e r a l l  e f f e c t i v e n e s s  of t h e  o p e r a t i o n .  
i n  s e v e r a l  d i f f e r e n t  ways. A few examples a r e :  h e a t i n g  t h e  s o r b e n t  t o  
tempera tures  a t  which i t s  e q u i l i b r i u m  c a p a c i t y  f o r  the  a d s o r b a t e  i s  v e r y  
low; reducing  system p r e s s u r e ,  t h u s  d i s t u r b i n g  the  s o l i d - g a s  phase e q u i l i -  
brium of  the adsorbed component; and u s i n g  a d i s p l a c i n g  a g e n t ,  a compound 
more s t r o n g l y  adsorbed than the component t o  be removed which r e p l a c e s  i t  
on the  a d s o r p t i v e  s i t e s .  Each of t h e s e  methods h a s  shor tcomings .  Where 
waste h e a t  i s  n o t  a v a i l a b l e ,  thermal c y c l e s  may r e q u i r e  a c o n s i d e r a b l e  
amount of t h e r m o e l e c t r i c  power. Th i s  h e a t  i s  then  l o s t  o r  r e q u i r e s  h e a t  
exchange equipment f o r  r ecove ry .  
f u s i o n  r a t e  l i m i t e d  and so may r e q u i r e  l a r g e r  beds of a d s o r b e n t  t han  a r e  
d e s i r a b l e .  
r a t i n g  and r e c o v e r i n g  t h e  a g e n t .  
R e a c t i v a t i o n  can  be accomplished 
Vacuum d e s o r p t i o n  c y c l e s  a r e  u s u a l l y  d i f -  
A c y c l e  employing a d i s p l a c i n g  agen t  r e q u i r e s  a means of sepa-  
Hea t l e s s  a d s o r p t i o n  i s  a c y c l i c  a d s o r p t i o n  p rocess ,deve loped  by 
Esso Research and Engineer ing  C o .  (1 t o 2 4 )  which employs a novel  method f o r  r e -  
g e n e r a t i n g  the adso rben t .  
performed f o r  the  Na t iona l  Aeronau t i c s  and Space A d m i n i s t r a t i o n  under 
C o n t r a c t  NAS1-6918. The o b j e c t  of t h i s  s t u d y  was t o  de t e rmine  i f  t h e  
a p p l i c a t i o n  of H e a t l e s s  Adsorp t ion  technology t o  t h e  c o n t r o l  of carbon 
d iox ide  i n  manned s p a c e c r a f t  cou ld  r e s u l t  i n  we igh t  and power s a v i n g  ove r  
systems which use the o t h e r  methods of a d s o r b e n t  r e a c t i v a t i o n .  
Th i s  r e p o r t  d e s c r i b e s  t h e  r e s u l t s  of a s t u d y  
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3. HEATLESS ADSORPTION: A NOVEL GAS 
SEPARATIONS TECHNIQUE 
Heatless Adsorp t ion  i s  a c y c l i c ,  two bed,  pressure-swing  p r o c e s s  
which u t i l i z e s  a purge t o  a s s i s t  deso rp t ion .  
H e a t l e s s  system i n  which two f i x e d  beds of  s o l i d  adso rben t  m a t e r i a l  are 
a l t e r n a t e l y  cyc led  between a d s o r p t i o n  and d e s o r p t i o n .  
F i g u r e  1 shows a t y p i c a l  
Figure 1 
BASIC HEATLESS ADSORPTION SYSTEM 
Product + 











No Gas Flow 
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I n  the  a d s o r p t i o n  s t e p  (Bed l ) ,  a f eed  s t ream i s  passed through t h e  adsorp-  
t i o n  zone where s p e c i f i c  components ( e . g . ,  H20 and C02) a r e  adsorbed .  
e f f l u e n t  from t h i s  zone, f r e e  of t h e s e  components, i s  s p l i t  i n t o  two s t r eams .  
One s t r eam i s  a v a i l a b l e  a s  product  a t  feed p r e s s u r e .  The o t h e r  s t ream i s  
t h r o t t l e d  t o  a lower p r e s s u r e  and used t o  purge the  bed on d e s o r p t i o n  (Bed 2 ) .  
Desorp t ion  r e s u l t s  from the r e d u c t i o n  i n  p r e s s u r e  and the sweeping a c t i o n  
of  t h e  purge which l e a v e s  more c o n c e n t r a t e d  w i t h  r e s p e c t  t o  the adso rba te  
than i s  t h e  e n t e r i n g  f e e d .  By us ing  two beds of adso rben t ,  t h e  f eed  and 
product  system can be o p e r a t e d  con t inuous ly  even though each  bed o p e r a t e s  
c y c l i c a l l y .  
The 
3.1.  Hea t l e s s  Adsorp t ion  Can Of fe r  Advantages 
i n  Weight and Power 
Hea t l e s s  Adsorption i s  c h a r a c t e r i z e d  by s e v e r a l  novel  t echn iques  
which can  make i t  a t t r a c t i v e  from a weight  and power s t a n d p o i n t  when compared 
w i t h  conven t iona l  thermal  o r  vacuum systems.  For example, u n l i k e  e x i s t i n g  
a d s o r p t i o n  processes  r e l y i n g  on l a r g e  c y c l i c  adso rben t  c a p a c i t i e s  (and con- 
s e q u e n t l y  r e l a t i v e l y  l a r g e  adso rben t  b e d s ) ,  H e a t l e s s  Adsorp t ion  makes use 
of v e r y  s m a l l  c y c l i c  adso rben t  c a p a c i t i e s .  These c a p a c i t i e s  a r e  m u l t i p l i e d  
many t i m e s ,  however, through the use of v e r y  s h o r t  c y c l e s .  Some commercial 
H e a t l e s s  Adsorbers,  f o r  example, undergo complete c y c l e s  once eve ry  minute .  
The c a p a c i t y  of an a d s o r p t i o n  system on a time b a s i s  i s  g iven  by: 
System Capaci ty  = Adsorbent Capac i ty  x Number of c y c l e s  
Un i t Time Cycle Uni t  of Time 
and, exper ience  h a s  shown t h a t  a l though  a smaller f r a c t i o n  of  the  u l t i m a t e  
c a p a c i t y  o f  the d e s i c c a n t  i s  used as the  c y c l i n g  r a t e  i n c r e a s e s ,  the de- 
c r e a s e  i n  c a p a c i t y  i s  l e s s  than the i n c r e a s e  i n  t h e  c y c l i n g  ra te .  Thus, 
the  system c a p a c i t y ,  which i s  the  product  of t h e  two, m u s t  i n c r e a s e .  Th i s  
pe rmi t s  t h e  u t i l i z a t i o n  of smaller, l i g h t e r  we igh t  beds of a d s o r b e n t  t han  
a r e  p o s s i b l e  i n  most o t h e r  s o r p t i o n  p r o c e s s e s .  
Rapid c y c l i n g  i s  made f e a s i b l e  by improving t h e  d e s o r p t i o n .  This  
i s  achieved  i n  two ways. F i r s t ,  w i t h  a p r o p e r l y  s e l e c t e d  c y c l e  t ime,  t h e  
h e a t  f r o n t  genera ted  d u r i n g  exothermic a d s o r p t i o n  i s  t o t a l l y  r e t a i n e d  w i t h i n  
the  bed. Therefore ,  i t  remains a v a i l a b l e  t o  a i d  i n  t h e  subsequent  r egene ra -  
t i o n  s t e p  and the  endothermic h e a t  of d e s o r p t i o n  does n o t  have t o  be e x t e r -  
n a l l y  suppl ied to the bed. T h i s  e l i m i n a t e s  t h e  need f o r  h e a t  exchange 
equipment, embedded h e a t e r s ,  e t c .  
adso rben t  never d e v i a t e s  a p p r e c i a b l y  from an average  v a l u e ,  t h e  a d s o r b i n g  
bed i s  ready f o r  a d s o r p t i o n  a t  the  s t a r t  of t h e  c y c l e .  
p o s s i b i l i t y  of  premature break- through of  the  a d s o r b a t e  t h a t  can  occur  a t  
the s t a r t  of a the rma l ly  desorbed c y c l e  i f  t h e  bed has  n o t  been s u f f i c i e n t l y  
cooled.  Second, t h e  use of a purge p rov ides  a sweeping a c t i o n  which removes 
the desorbed components from t h e  a d s o r b e n t  much more r a p i d l y  than w i t h  
vacuum r e g e n e r a t i o n  which depends e n t i r e l y  on a r e l a t i v e l y  slow gas d i f f u s i o n  
mechanism. 
I n  a d d i t i o n ,  s i n c e  the tempera ture  of t h e  
Th i s  e l i m i n a t e s  t h e  
I - 7 -  
1 
The on ly  s p e c i f i c  r equ i r emen t ,  i n  terms o f  purge,  f o r  a balanced 
Heatless Adsorpt ion c y c l e  i s  t h a t  t h e  a c t u a l  volume of purve a t  t h e  desorp-  
t i o n  p r e s s u r e  be a t  l eas t  e q u a l  t o  t h e  a c t u a l  volume of f eed  a t  t h e  h i g h e r  
a d s o r p t i o n  p r e s s u r e  ( t h e  r e a s o n s  f o r  t h i s  are d e t a i l e d  i n  Appendix 1). I n  
a c t u a l  p r a c t i c e ,  however, a v o l u m e t r i c  purge t o  f eed  r a t i o  of 1:1 may n o t  
be d e s i r a b l e  s i n c e  i t  r e p r e s e n t s  a l i m i t i n g  case which r e q u i r e s  l a r g e  beds 
t o  i n s u r e  p rope r  o p e r a t i o n ;  t h e  purge t o  f e e d  volume r a t i o  should be a 
l i t t l e  ove r  1:l. On t h e  o t h e r  hand, the u s e  of l a r g e  purge t o  f eed  r a t i o s  
may a l s o  be u n d e s i r a b l e  s i n c e  i t  r e q u i r e s  e i t h e r  a l a r g e  p r e s s u r e  d i f -  
f e r e n t i a l  between adso rb ing  and desorbing beds,  o r  t h e  use  of a l a r g e  
f r a c t i o n  o f  t h e  product  as  purge.  
I 
3.2.  P roduc t  Loss Can be Minimized Through 
Proper  Purge and Depressure Techniques 
I n  the  Heatless Adsorpt ion system, product  l o s s  o c c u r s  i n  two 
ways. One way i s  as purge. The o t h e r  occurs  when d e p r e s s u r i n g  t h e  bed 
between t h e  a d s o r p t i o n  and d e s o r p t i o n  s t e p s .  Th i s  d e p r e s s u r e  l o s s  r e s u l t s  
from gas t r apped  i n  the v o i d  s p a c e s  o f  the bed and from gas  (02 and N2 f o r  
example) which i s  adsorbed t o  some e x t e n t  on t h e  molecular  s i e v e .  
Depressure loss  can be reduced by e q u a l i z i n g  t h e  p r e s s u r e  be- 
tween t h e  a d s o r p t i o n  and d e s o r p t i o n  beds a s  shown i n  F i g u r e  2. A t  t he  
end of an  a d s o r p t i o n  c y c l e  ( S t e p  1, F i g .  2) ,  t h e  adso rb ing  bed a t  t he  
h i g h e r  p r e s s u r e  i s  connected t o  t h e  deso rb ing  bed a t  the  lower p r e s s u r e  
( S t e p  2 ,  F i g .  2 ) .  A f t e r  t h e  p r e s s u r e s  have e q u i l i b r a t e d ,  t h e  beds are 
c y c l e d  so t h a t  t he  f u n c t i o n s  of each a r e  r e v e r s e d  (S tep  3, F i g .  2 ) .  Thus, 
when t h e  bed p r e v i o u s l y  on a d s o r p t i o n  i s  f i n a l l y  dep res su red ,  t h e  amount 
o f  g a s  l o s t  i s  reduced by t h e  amount t r a n s f e r r e d  d u r i n g  t h e  e q u i l i z a t i o n  
s t e p .  Meanwhile, t h e  desorbed bed i s  p a r t i a l l y  r e p r e s s u r e d  i n  p r e p a r a t i o n  
f o r  t h e  next a d s o r p t i o n  c y c l e .  
Purge l o s s e s  can be e l i m i n a t e d  u s i n g  a t echn ique  c a l l e d  P r e s s u r e  
- E q u a l i z a t i o n  @ p r e s s u r i n g  (PED) ( 1 3  ). It c o n s i s t s  of u s ing  a p o r t i o n  of t h e  
d e p r e s s u r e  gas  (which i s  l o s t  i n  any event)  t o  provide t h e  r e q u i r e d  purge.  
The p r o c e s s  i s  shown s c h e m a t i c a l l y  i n  Figure 3. A f t e r  bed p r e s s u r e  e q u a l i -  
z a t i o n  h a s  been completed ( S t e p  2 ,  F i g .  3 ) ,  some gas  s t i l l  remains i n  t h e  
a d s o r b i n g  bed. Ra the r  than d e p r e s s u r i n g  t h i s  bed d i r e c t l y  t o  the  env i ron -  
ment, i t  i s  f i r s t  dep res su red  i n t o  an evacuated c y l i n d e r  u n t i l  t h e  p r e s s u r e s  
i n  t h e  bed and c y l i n d e r  have e q u i l i b r a t e d  (S tep  3, F ig .  3 ) .  The bed i s  
then  c o m p l e t e l y  dep res su red  t o  i t s  f i n a l  d e s o r p t i o n  p r e s s u r e ,  and the  gas  
i n  the  c y l i n d e r  i s  used a t  a c o n t r o l l e d  ra te  t o  purge t h e  bed b e i n g  desorbed 
( S t e p  4 ,  F i g .  3 ) .  The u s e  of t h i s  g a s  a t  t h e  low p r e s s u r e  p rov ides  many 
more volumes f o r  purging than i t  would have r e p r e s e n t e d  d u r i n g  r a p i d  de- 
p r e s s u r i n g .  By c o n t r o l l i n g  t h e  r a t e  a t  which the PED c y l i n d e r  empties  
( i . e . ,  w i t h  a p r e - s e t  t h r o t t l e  v a l u e ) ,  the purge can be used throughout  
a l l  of t h e  d e s o r p t i o n  c y c l e .  By the  end o f  t he  c y c l e ,  t h e  c y l i n d e r  h a s  
been evacua ted  and i s  once a g a i n  r eady  to r e c e i v e  d e p r e s s u r e  gas  from t h e  
o t h e r  bed. The b e n e f i t  of PED i s  t h a t  i t  p rov ides  a purge stream a t  no 
STEP 
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Figure 2 
BPE REDUCES DEPRESSURE L O S S  
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Figure 3 
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a d d i t i o n a l  expense of product .  I n  tu rn ,  the  u s e  of  purge provides  f o r  more 
e f f e c t i v e  desorp t ion  and, hence permi ts  t he  use of smal le r  adsorbent  beds 
wi th  correspondingly sma l l e r  depressure  l o s s e s .  On the  o t h e r  hand, t he  de -  
p re s su re  cy l inde r  adds a f i x e d  amount of weight  t o  the  system, and the  
c y c l e  becomes more complex. The s i z e  of t he  c y l i n d e r  i s  p r o p o r t i o n a l  t o  
the  amount of purge d e s i r e d .  Thus, i n  a s p a c e c r a f t  system, f o r  example, 
where o v e r a l l  weight  i s  an  impor tan t  cons ide ra t ion ,  the  r educ t ion  i n  the  
weight  o f  the adsorb ing  beds and the decrease  i n  product  ( a i r )  l o s s  der ived  
from pressure  e q u a l i z a t i o n  depressur ing  must be compared wi th  the  i n c r e a s e  
due t o  t h e  added depressure  c y l i n d e r .  F o r , l o n g  d u r a t i o n  mis s ions ,  t h e  a i r  
l o s s  r a t e  becomes c o n t r o l l i n g  and the  added weight  a s s o c i a t e d  w i t h  PED may 
be acceptab le .  For  s h o r t e r  miss ions ,  however, t h i s  may n o t  be so.  
3 . 3 .  Appl ica t ion  of Hea t l e s s  Adsorpt ion 
Technology t o  C02  Cont ro l  i n  Spacec ra f t  
Although the  Hea t l e s s  Adsorpt ion technique has  a l r e a d y  been 
u t i l i z e d  i n  s e v e r a l  commercial s e p a r a t i o n  processes ,  i t s  p o s s i b l e  a p p l i c a -  
t i o n  to  the removal of contaminants (such a s  carbon d iox ide )  from s p a c e c r a f t  
atmospheres had n o t  p rev ious ly  been i n v e s t i g a t e d  and i t  was the  purpose 
of  t n i s  study to  do so.  Schematic r e p r e s e n t a t i o n s  of t he  systems which 
were s tud ied  under NASA Cont rac t  (NAS1-6918) a r e  shown i n  F igu res  4A and 4 B .  
These systemsweredesigned f o r  u s e  i n  t h a t  p a r t i c u l a r  mode of o p e r a t i o n  i n  
which carbon d ioxide  i s  removed and r e j e c t e d  t o  space whi le  water i s  con- 
served and r e tu rned  t o  the  cab in .  The f l e x i b i l i t y  i n h e r e n t  i n  the  technique 
however, would a l s o  make i t  adap tab le  t o  t h a t  mode of o p e r a t i o n  where bo th  
H20 and C02 a r e  conserved. 
- .  
The process  i t s e l f  c o n s i s t s  of withdrawing cab in  a i r  down stream 
of  a temperature-humidity c o n t r o l l e r .  Such a c o n t r o l l e r ,  needed i n  t h e  l i f e  
suppor t  system t o  main ta in  a h a b i t a b l e  environment i n  the  s p a c e c r a f t ,  p ro-  
v ides  a p a r t i a l l y  d r i e d  s t ream f o r  use i n  the  CO c o n t r o l  system. Process  
a i r  from the dehumidi f ie r  e n t e r s  the  adso rb ing  d e s i c c a n t  bed a t  a dew p o i n t  
of about  4 0  t o  50°F  and wi th  an average cO2 p a r t i a l  p re s su re  of about  4 t o  
8 mm Hg. 
molecular  s ieve  bed where carbon d iox ide  i s  s e l e c t i v e l y  removed. I f  a por- 
t i o n  of the C02-lean e f f l u e n t  i s  t o  be used as purge f o r  r e g e n e r a t i n g  t h e  
desorb ing  molecular s i e v e  bed, (F igure  4A) , i t  i s  removed as a s i d e  stream. 
The desorba te ,  r i c h  i n  C 0 2 ,  i s  r e j e c t e d  t o  space vacuum. The remainder of 
t he  C02-lean gas i s  t h r o t t l e d  t o  a lower p re s su re  and used a s  a purge f o r  
the  des i ccan t  before  i t  i s  r e tu rned  t o  the  s p a c e c r a f t  cab in .  I n  t h i s  way, 
none of the mois ture  removed dur ing  t h e  d r y i n g  s t e p  i s  l o s t .  
valve insu res  t h a t  t h e  d e s i r e d  vo lumet r i c  purge t o  feed  r a t i o  i s  main ta ined  
i n  the  dryer .  
z a t i o n  Depressuring technique f o r  purg ing  the  desorp ing  C02 bed .  
2 
The "dry" product  from the  d e s i c c a n t  bed e n t e r s  t he  adsorb ing  
A t h r o t t l e  
Figure 4 B  shows t h e  same system b u t  u s ing  the  P res su re  Equal i -  
The processes  o u t l i n e d  above i n c o r p o r a t e  Hea t l e s s  Adsorp t ion  tech-  
niques i n t o  both p a r t s  of the  C 0 2  c o n t r o l  system. 
product  ( a f t e r  removal of C 0 2 )  i s  u s e d  as a purge t o  a i d  the  d e s o r p t i o n  of 
the  des i ccan t .  
cyc le  times as s h o r t  as 30 t o  60 seconds can be employed. I n  t h e  C02 
s o r p t i o n  system, the  use of bo th  conven t iona l  and PED purge techniques  a r e  
shown. In t h i s  p a r t  of t he  sys tem, longer  c y c l e  t imes ( e .g . ,  10 minutes )  
a r e  necessary to  l i m i t  a i r  l o s s  through too f r e q u e n t  dep res su r ings .  
I n  t h e  d r y e r ,  t o t a l  
Since no product  l o s s  i s  a s s o c i a t e d  w i t h  t h i s  o p e r a t i o n ,  
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Figure 4A 
COMBINED HEATLESS DRYING & C 0 2  REMOVAL 
C 0 2  Contaminated Ai r  
from the Temperature Humidity Controller 
- 1 2  - 
Figure 46 
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from the Temperature Humidity Controller 
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For t h e  p r o c e s s e s  shown i n  F igu res  4 A  and 4 B ,  t h e  on ly  power 
requi rements  would be f o r  t h e  f a n  or blower r e q u i r e d  t o  make up t h e  
p r e s s u r e  drop through t h e  system. There would be no need t o  use  thermo- 
e l e c t r i c  power o r  t o  c i r c u l a t e  h e a t i n g  f l u i d  f o r  r e g e n e r a t i n g  the  d e s i c c a n t .  
I n t e r s t a g e  coo l ing  between t h e  s i l i c a  ge l  and molecular  s i e v e  beds would 
l i k e w i s e  be unnecessary  s i n c e  t h e  tempera ture  of t h e  d e s i c c a n t  beds would 
remain a t  t h e  same average  level du r ing  bo th  t h e  a d s o r p t i o n  and d e s o r p t i o n  
ha lves  of a c y c l e .  
The use  of a four-bed sys tem permi t ted  a l o g i c a l  s e p a r a t i o n  of 
t h e  expe r imen ta l  program i n t o  two phases s i n c e  t h e  d ry ing  and CO2 removal 
p rocesses  o p e r a t e  e s s e n t i a l l y  independent ly  of  one a n o t h e r  (e .g . ,  a h e a t l e s s  
d ry ing  system could  be combined w i t h  a n  e x i s t i n g  COz process ) .  The f i r s t  
phase of t h e  program c o n s i s t e d  of  e v a l u a t i n g  H e a t l e s s  Adsorp t ion  technology 
f o r  d e s i c c a n t  r e g e n e r a t i o n .  This p a r t  of t h e  program is d i scussed  i n  
S e c t i o n s  4.1. t o  4.9. The second phase involved  an i n v e s t i g a t i o n  of purge 
t echn iques  f o r  improving vacuum deso rp t ion  o f  carbon d iox ide  from molecular  
sieve.  This  p a r t  o f  t h e  r e s e a r c h  i s  desc r ibed  i n  S e c t i o n s  5.1.2.  t o  5.6 .  
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4 .  PHASE I: DEVELOPMENT OF DESIGN CRITERIA 
FOR SPACECRAFT HEATLESS DRYING SYSTEM 
The o b j e c t i v e  of t h e  expe r imen ta l  program was t o  deve lop  a 
q u a n t i t a t i v e  r e l a t i o n s h i p  which could  be used t o  des ign  a system f o r  d ry ing  
contaminated s p a c e c r a f t  a i r  p r i o r  t o  C02 removal. This s e c t i o n  d e s c r i b e s  
t h e  exper imenta l  program and t h e  r e s u l t s  t h a t  were ob ta ined .  
4.1. Sys tern Parameters  
Optimum des ign  of t h e  d r y i n g  system w i l l  i nvo lve  s e l e c t i n g  t h e  
s e t  of o p e r a t i n g  c o n d i t i o n s  which w i l l  a l l o w  d ry ing  of t h e  C02 contaminated 
a i r  s t r e a m  to t h e  r e q u i r e d  dew p o i n t  w i th  a minimum e x p e n d i t u r e  of power 
and we igh t .  To  e s t a b l i s h  such a d e s i g n ,  t h e  r e l a t i o n s h i p  between t h e  
p rocess  v a r i a b l e s  and the  e f f l u e n t  water  c o n c e n t r a t i o n  must be  known. 
I Based on previous  expe r i ence  i n  H e a t l e s s  Drying, i t  was f e l t  t h a t  
any of a t o t a l  of f i v e  parameters could  be impor tan t  i n  t h e  d e s i g n  of a 
s p a c e c r a f t  system: space v e l o c i t y  V/hr/W, v o l u m e t r i c  purge t o  f eed  r a t i o ,  
c y c l i n g  r a t e ,  bed l e n g t h ,  and a d s o r p t i o n  tempera ture .  I n  c o n s i d e r i n g  each  
of t h e s e  v a r i a b l e s ,  i t  was appa ren t  t h a t  t h e  l e v e l  which was most b e n e f i c i a l  
from a process s t a n d p o i n t  ( i . e . ,  t h e  dryness  of t h e  p r o d u c t )  would no t  
n e c e s s a r i l y  be optimum from a weight and/or  power s t a n d p o i n t .  I n  g e n e r a l  
t hen ,  a compromise l e v e l  had t o  be s e l e c t e d .  For example, space  v e l o c i t y  
i s  t h e  a c t u a l  v o l u m e t r i c  gas  f low r a t e  d i v i d e d  by t h e  bed weight .  
i f  a l a r g e  enough bed i s  provided ,  a lmost  any degree  of m o i s t u r e  removal would 
be p o s s i b l e .  However, i n  t h e  i n t e r e s t s  of weight and volume, t h e  minimum s i z e  
bed i s  d e s i r a b l e .  The o t h e r  parameters  may be looked a t  i n  t h e  same manner. 
Lengthening t h e  bed a t  a c o n s t a n t  bed s i z e  or  space  v e l o c i t y  can p rov ide  
improved dry ing  bu t  such a c o n f i g u r a t i o n  r e s u l t s  i n  l a r g e  p r e s s u r e  drop  
through t h e  bed. Once a g a i n ,  a compromise i s  r e q u i r e d .  The same i s  t r u e  
t o  some e x t e n t  f o r  cyc le  t ime. As exp la ined  i n  S e c t i o n  3 . 1 . ,  s h o r t  c y c l e  
times a r e  p r e f e r r e d  from a n  o v e r a l l  c a p a c i t y  s t a n d p o i n t .  I n  p r a c t i c a l  a p p l i -  
c a t i o n ,  however, t h e  d e s i g n  and mechanica l  wear of t h e  v a l v e s  w i l l  u l t i m a t e l y  
de te rmine  t h e  s h o r t e s t  cyc le  t i m e  p o s s i b l e .  The importance of t h e  purge t o  
f eed  r a t i o  h a s  a l r e a d y  been d i s c u s s e d .  It shou ld  be re-emphasized, however, 
t h a t  w h i l e  a h igh  purge t o  f e e d  r a t i o  would produce t h e  d r y e s t  p roduct  w i t h  
t h e  s m a l l e s t  p o s s i b l e  beds,  such a c o n d i t i o n  would r e q u i r e  a l a r g e  p r e s s u r e  
d i f f e r e n t i a l  between t h e  two beds .  
by t h e  blower i n  t h e  system. 
Obviously,  
~ 
This  would i n c r e a s e  t h e  power r e q u i r e d  
The parameters  t h a t  were e v a l u a t e d  i n  t h e  s t u d y  a r e  shown i n  Table 2 
a long  w i t h  the va lues  chosen f o r  them. These v a l u e s  were judged t o  be r eason-  
a b l e  i n  l i g h t  of t h e  above d i s c u s s i o n .  Except f o r  c y c l e  t ime (and purge t o  
f eed  r a t i o  of c o u r s e ) ,  these_-values  a r e  c l o s e  t o  those  used i n  t h e r m a l l y  de- 
sorbed  p ro to type  systems.  
- 15 - 
Table 2 
Drying Study- - Experimental  V a r i a b l e s  
Ope r a t i n g  V a r i a b l e s  L e v e l ( s )  I n v e s t i g a t e d  
Space Ve loc i ty*  (V/Hr/W) 93.8 & 156 CFH/lb. Bed 
Bed Length 4.5 & 6.3 i n c h e s  
Half Cycle T ime  30 & 60 seconds 
Purge t o  Feed R a t i o  1.1 & 1.2  
Adsorp t ion  Temperature 60" & 77°F 
A t  Constant  
I n l e t  A i r  Dew P o i n t  43°F - 45°F 
Adsorp t ion  P r e s s u r e  570 mm Hg 
CO P a r t i a l  P r e s s u r e  7.3 mm Hg 
Des iccant  - Davidson Grade 
40  S i l i c a  G e l ,  6-12 mesh 
2 
*During t h e  expe r imen ta l  program, changes i n  space  r e l o c i t y  ?ere 
accomplished by t h e  r e l a t i v e l y  s imple  method of  v a r y i n g  f eed  
r a t e  r a t h e r  t han  changing bed s i z e .  Both procedures ,  however, 
a r e  i d e n t i c a l  s i n c e  changes i n  space  v e l o c i t y  can be made by 
changing e i t h e r  v o l u m e t r i c  flow ra te  (V/Hr) o r  bed weight  (W) 
w i t h  t h e  same o v e r a l l  e f f e c t .  
Temperature was i n v e s t i g a t e d  as a v a r i a b l e  t o  de te rmine  i f  reduced 
t empera tu res  would o f f e r  s i g n i f i c a n t  b e n e f i t s  i n  system c a p a c i t y .  I f  so ,  
o p e r a t i o n  a t  tempera tures  a s  low as 45°F would be p o s s i b l e  wi thou t  t h e  
a d d i t i o n  of equipment s i n c e  t h e  feed  e n t e r s  t h e  d e s i c c a n t  beds downstream 
of  a tempera ture-humidi ty  c o n t r o l l e r .  T h i s  c o n t r o l l e r  condenses and removes 
most of t h e  moi s tu re  i n  t h e  incoming s t ream producing a gas  w i t h  a dew p o i n t  
of 40 t o  45°F. 
4 .2 .  D e s c r i p t i o n  of Experimental  Equipment 
Experimental  work was c a r r i e d  o u t  u s ing  t h e  H e a t l e s s  Drying u n i t  
shown s c h e m a t i c a l l y  i n  F ig .  5 .  
program and w a s  n o t  meant t o  be an opt imized p ro to type  model. This  approach 
minimized t h e  des ign  and c o n s t r u c t i o n  t i m e  and k e p t  c o s t s  down. 
The u n i t  was des igned  s p e c i f i c a l l y  f o r  t h i s  
A l l  l i n e s  were of 318" s t a i n l e s s  s t e e l  t ub ing  connected by 318" 
swage-lock f i t t i n g s .  Gaseous feed  t o  the sys tem w a s  r e g u l a t e d  by two r o t a -  
m e t e r s  which metered a i r  and C02 independent ly .  The a i r  s t ream was p re -d r i ed  
t o  dew p o i n t s  below -90°F w i t h  a commercial H e a t l e s s  Dryer (Gi lbarco  Model 
HF-200) and the  C02 was d r i e d  by pass ing  i t  through a 24 inch  long s i l i c a  g e l  
bed .  The r e q u i r e d  feed  dew p o i n t  (43-45°F) was ob ta ined  by bubbl ing  the  d r y  
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Figure 5 
EXPERIMENTAL DRYING UNIT 
As shown, 
Bed 1 i s  onadsorption 
and Bed 2 i s  on purge 
desorption. 
Symbols: 
@-@ = Open, closed solenoid valves 
NV = Needle Valve 
BPR = Back pressure regulator 
VG = Vacuum Gauge 
GB 
MVC 
R = Rotameter 
= Glass wallbeds, 1-1/2 ID 
= Manostat for vacuum control 





B -H 20 
G-H20 
DC = Diaphram Compressor 
W T M  = Wet test  meter 
AC = A i r  conditioner 
T = Temperature point 
= Bend i x  Hygrometer 
= Gilbarco (DuPont 510) Hygrometer 
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a i r  s t ream through wa te r  i n  a 4" d i a .  x 18" g l a s s  s a t u r a t o r  v e s s e l  main ta ined  
a t  20 p s i g  and 74°F 2 2°F. 
s i m i l a r  i n  c o n s t r u c t i o n  t o  the  s a t u r a t o r  i n  o r d e r  t o  p r e v e n t  e n t r a i n e d  l i q u i d  
water  from e n t e r i n g  the d e s i c c a n t  beds.  The back p r e s s u r e  on the two sepa- 
r a t e  gas  s t r eams  ( i . e . y  s a t u r a t e d  a i r  and dry C02) w a s  ma in ta ined  a t  20 p s i g  
by two back p r e s s u r e  r e g u l a t o r s .  A t  the  o u t l e t  a f  the  r e g u l a t o r s ,  the 
s t r eams  were blended and passed  through a c o i l  which could  be cooled  by an 
a i r  c o n d i t i o n i n g  u n i t .  The same a i r  c o n d i t i o n e r  w a s  a l s o  used t o  c o o l  the  
s o r b i n g  beds when o p e r a t i o n  a t  tempera tures  below ambient was r e q u i r e d .  
This  "wet" a i r  then e n t e r e d  a knock-out drum 
, 
The d e s i c c a n t  c o n t a i n e r s  were c o n s t r u c t e d  of  1-1/2" I . D .  g l a s s  
p i p e s  which could  be o b t a i n e d  i n  v a r i o u s  Ttandard l e n g t h s .  Th i s  pe rmi t t ed  
v i s u a l  mon i to r ing  of t h e  c o n d i t i o n s  of the d e s i c c a n t .  A more d e t a i l e d  p i c -  
t u r e  of t h e  b e d - c o n s t r u c t i o n  i s  shown i n  F i g .  6. The beds were packed w i t h  
s i l i c a  g e l  h e l d  i n  p l a c e  by f i n e  wi re  guaze a t  e i t h e r  end t o  p rov ide  a 
founda t ion  f o r  the  d e s i c c a n t  and t o  p reven t  p o s s i b l e  p a r t i c l e  l o s s  d u r i n g  
the  f r e q u e n t  p r e s s u r e  swings.  The remaining unused space a t  b o t h  ends of 
t h e  beds w a s  f i l l e d  w i t h  s t a i n l e s s  s t e e l  mesh. I n  a d d i t i o n  t o  a c t i n g  as a 
low p res su re -d rop  f i l l e r ,  t h i s  mesh served t o  d i s t r i b u t e  the  f eed  and purge 
s t r eams  uni formly  over  t h e  e n t i r e  bed c r o s s - s e c t i o n .  
System vacuum w a s  provided by a Welch Model 405 "Duo-Seal" vacuum 
pump r a t e d  a t  1.75 CFM. A C a r t e s i a n  monostat (Manostat Corpora t ion ,  S t y l e  
No. 8) w a s  used t o  c o n t r o l  d e s o r p t i o n  p r e s s u r e s .  Bourdon s p r i n g  vacuum 
guages (0-30 i n  Hg vac )  were used f o r  p re s su re  measurements w i t h  a r a t e d  
p r e c i s i o n  of  5 0.25 i n  Hg ( a b s ) .  Amanual ly  r e g u l a t e d  need le  v a l v e  pro- 
v ided  the  a d j u s t a b l e  p r e s s u r e  drop  between the  adso rb ing  and deso rb ing  beds 
needed t o  s e t  t h e  purge t o  feed r a t i o .  
The d ry  product  from the  adsorb ing  bed w a s  s p l i t  i n t o  two s t r eams .  
The l a r g e r  s t ream, c o n s t i t u t i n g  94 t o  98% of the  t o t a l ,  w a s  used as  purge 
f o r  t h e  bed be ing  r e g e n e r a t e d .  
w a s  sampled under vacuum by a diaphram pump (Neptune Dyna Pump-4k) and 
ana lyzed  f o r  moi s tu re  c o n t e n t .  
The remaining 2 t o  6% of the  d r y  p roduc t  
The p r i n c i p a l  i n s t r u m e n t  used i n  de t e rmin ing  t h e  moi s tu re  c o n t e n t  
of t h e  d r i e d  gas  s t r e a m  was t h e  Gi lba rco  Model Sa-100, S o r p t i o n  Hygrometer 
( c u r r e n t l y  manufactured by DuPont as t h e i r  Model 510) .  This  i n s t rumen t  ( o r i g i -  
n a l l y  developed by Esso  Research  and Engineering Company) w s s  of c o n s i d e r a b l e  
b e n e f i t  i n  t h e  p r e s e n t  program s i n c e  i t  o p e r a t e d  c o n t i n u o u s l y  and allowed 
d i r e c t  r e a d i n g s  of water c o n c e n t r a t i o n  i n  a c t u a l  ppm by volume (See 
Appendix 2 ) .  The use of a Heath Servo-Chart  Recorder ,  Model EUW-20Ay i n  
c o n j u n c t i o n  w i t h  the  a n a l y z e r  permi t ted  mon i to r ing  the  e f f l u e n t  wa te r  
p a t t e r n s  even when the  u n i t  w a s  una t tended .  
The S o r p t i o n  Hygrometer d e t e c t s  the  water  c o n c e n t r a t i o n  i n  a gas 
s t r e a m  by a l t e r n a t e l y  pas s ing  the wet sample gas and a d r y  r e f e r e n c e  gas 
( a i r  o r  n i t r o g e n )  over  two hygroscop ica l ly  t r e a t e d  q u a r t z  c r y s t a l  o s c i l l a t o r s .  
The i n s t r u m e n t  compares the  f r e q u e n c i e s  of  the  two o s c i l l a t o r s  and u t i l i z e s  
c o a t e d  w i t h  a t h i n  f i l m  of  hygroscopic  m a t e r i a l .  Changes i n  c r y s t a l  weight  
r e s u l t i n g  from mois tu re  s o r p t i o n  v a r y  the o s c i l l a t o r y  f requency .  
L 1 .  
L I I ~  diffei-eiice beiwee1-l tlielfi t o  r n e a ~ i i r e  ~ ~ l s t u r e  c ~ n t e ~ t .  Each c ~ > ~ s ~ s I  is 
These 
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Figure 6 
DESICCANT BED CONSTRUCTION 
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changes a r e  compared e l e c t r o n i c a l l y  and a r e  i n d i c a t e d  on the  h>-grometer 
s c a l e  i n  ppm ( v / v ) .  A f low-swi tch ing  arrangement,  o p e r a t i n g  on a one-minute 
time c y c l e ,  i s  used t o  expose each  c r y s t a l  t o  t h e  moi s t  sample gas f o r  30 
I seconds and then t o  d ry  g a s  f o r  30 seconds, i n  o r d e r  t o  avoid  h y s t e r e s i s .  
While one c r y s t a l  i s  adsorb ing  moi s tu re  the  o t h e r  i s  d r y i n g ,  and v i c e  v e r s a .  
Since s o r p t i o n  of moi s tu re  by a c o a t e d  c r y s t a l  lowers i t s  f requency ,  one 
c r y s t a l  w i l l  be moving down i n  frequency w h i l e  t h e  o t h e r  i s  moving up .  The 
r e s u I t i n g  aud io  frequency s i g n a l  i s  a m p l i f i e d ,  c l i p p e d ,  passed  through an 
RC c i r c u i t ,  and u l t i m a t e l y  r ead  on a meter a s  the  moi s tu re  c o n t e n t  of t h e  
sample. 
I 
I Experience w i t h  t h i s  ins t rument  has  shown t h a t  i n d i c a t e d  v a l u e s  
can i n  g e n e r a l  d i f f e r  from a c t u a l  va lues  by about  5-10% of f u l l  s c a l e .  
This  means t h a t  r e a d i n g s  i n  t h e  1-25 ppm range  can v a r y  from the  t r u e  l e v e l s  
by - + 2.5 ppm o r  i n  the 25-250 ppm range  by & 25 ppm. I n  a d d i t i o n ,  the 
hygroscopic  c r y s t a l s  can  be contaminated by small amounts of f o r e i g n  m a t t e r  
such as d u s t ,  f i b e r s ,  and l i q u i d  water and p e r i o d i c a l l y  r e q u i r e  rep lacement .  
Consequently,  o p e r a t i o n  of t h e  Gi lba rco  Hygrometer w a s  per iodical1.y and 
independen t ly  checked by a Bendix Dew Point  Hygrometer, Model DHGL-3P. The 
accu racy  of t h i s  i n s t rumen t  was r e p o r t e d  t o  be -1.3"F (dew p o i n t  v a r i a t i o n )  
a t  -82.3"F and +1.5"F a t  +18.6'F. 
l e v e l  and abou t  300 ppm a t  t h e  3500 ppm l e v e l .  A comparison between t h e  two 
hygrometers showed t h a t  over a n  eight-month period, agreement was w e l l  w i t h i n  
25% even a t  the  c r i t i c a l  1-5 ppm l e v e l .  
g iven  i n  Table 3.  
w i t h  each  of t h e  d e v i c e s  r e s u l t i n g  i n  some avo idab le  expe r imen ta l  d e l a y .  
Table 3 
This cor responds  t o  .5 ppm a t  t h e  1-10 ppm 
Some r e p r e s e n t a t i v e  v a l u e s  a r e  
On s e v e r a l  occas ions  o p e r a t i o n a l  problems were encountered  
Comparison of Hygrometers 
G i lba rco  Reading Bendix Reading* 
Date (PPM) (PPM) 
411 1 I67 4.2 4.7 
5 /3 /67  3.0 3.5 
6/29/67 





9 / 5 / 6 7  4 5 
J; Dew P o i n t  Converted t o  PPM 
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4.3.  S t a t i s t i c a l  Design of the Experiments 
The expe r imen ta l  program w a s  des igned  t o  g e n e r a t e  d a t a  needed f o r  
deve loping  the q u a n t i t a t i v e  r e l a t i o n s h i p  between the remaining moi s tu re  con- 
t e n t  of t h e  d r i e d  product  and the o p e r a t i n g  parameters  of the  " h e a t l e s s "  
system. The exper iments  were s e l e c t e d  s t a t i s t i c a l l y  accord ing  t o  a modi f ied  
Box-Wilson c e n t r a l  composite des ign .  B a s i c a l l y ,  the  Box-Wilson t r e a t m e n t  
i s  an e f f i c i e n t  method of s tudy ing  response  s u r f a c e s .  The end r e s u l t  of 
such a t r ea tmen t  i s  the  development of a polynominal e x p r e s s i o n  of t h e  form: 
+ a x x + a x x x ...+ e 2 
0 1 1  2 2  11 1 a12X1X2 13 1 3 123 1 2 3 y = a  + a x  + a x  . . . +  a x + a 2 2 x i +  
The y term r e p r e s e n t  the dependent v a r i a b l e ,  which i n  t h e s e  exper iments  w a s  
the  s t e a d y - s t a t e  moi s tu re  c o n t e n t  of the  d r i e d  gas .  The terms XI,  x2,  e t c . ,  
r e p r e s e n t  the  independent  v a r i a b l e s ,  i . e . ,  space v e l o c i t y ,  purge t o  f e e d  
r a t i o ,  e t c .  The term, e ,  i s  a measure of t h e  expe r imen ta l  e r r o r ,  and t h e  
f a c t o r s  ao, a The f i t t i n g  of 
such a polynominal e x p r e s s i o n  i s  t r e a t e d  a s  a p a r t i c u l a r  ca se  of a m u l t i p l e  
l i n e a r  r e g r e s s i o n .  
a2,  e t c . ,  a r e  the  c o r r e l a t i n g  c o e f f i c i e n t s .  
1: 
k Whereas second o r d e r  f a c t o r i a l  des ign  r e q u i r e s  3 exper iments  t o  
f i t  a q u a d r a t i c  s u r f a c e  f o r  k independent v a r i a b l e s ,  the  c e n t r a l  composite 
des ign  reduces  t h i s  t o  2k + 2k + 1 exper iments .  A geometric r e p r e s e n t a t i o n  
of the  c e n t r a l  composite des ign  i s  shown i n  F i g u r e  7 f o r  t h r e e  x f a c t o r s  
(k = 3 ) .  The c o r n e r  p o i n t s  of t h e  f i g u r e  r e p r e s e n t  the  2k des ign ,  t h e  
p o i n t s  marked by the open c i r c l e s  r e p r e s e n t  t h e  a d d i t i o n a l  2k t r e a t m e n t  
combina t ions ,  and t h e  c e n t e r  p o i n t  r e p r e s e n t s  t h e  s i n g u l a r  des ign .  A l l  the  
p o i n t s  a r e  loca t ed  symmetr ica l ly  around the  c e n t e r .  The primary l e v e l s ,  
h igh  and low, of  each of  the  x - v a r i a b l e s  a r e  noted  i n  a coded form a s  +1 
and -1, r e s p e c t i v e l y .  The l e v e l  a t  the  o r i g i n  i s  r e p r e s e n t e d  as 0 and a t  
the e x t e r n a l  p o i n t s  as 5 d. 
For f i t t i n g  the  response  s u r f a c e  t o  t h e  f i v e  v a r i a b l e s  of t h i s  
d ry ing  s tudy ,  t h e  c e n t r a l  composite d e s i g n  c a l l e d  f o r  25 + 2 - 5  + 1 o r  43 
exper iments  not i n c l u d i n g  r e p l i c a t i o n .  It  was on t h i s  b a s i s  t h a t  t h e  
expe r imen ta l  program was o r i g i n a l l y  des igned .  An a n a l y s i s  o f  t h e  d a t a ,  
however, a f t e r  on ly  p a r t i a l l y  comple t ing  t h i s  d e s i g n  showed t h a t  t empera tu re  
had no e f f e c t  on t h e  s t e a d y  s t a t e  moi s tu re  l e v e l  of the  d r i e d  p roduc t ,  
a l t hough  i t  did e f f e c t  t r a n s i e n t  behav io r  as e x p l a i n e d  i n  S e c t i o n  4.8.  
E l imina t ion  of tempera ture  reduced the  number of  system v a r i a b l e s  t o  f o u r  
and the number of exper iments  t o  24 + 2.4 +1 o r  25 exc lud ing  r e p l i c a t i o n .  
P a r t  A of Table 4 shows the  r e v i s e d  d e s i g n  t h a t  was followed f o r  t h e  r e -  
mainder of the expe r imen ta l  program. Because each  of the  i n d i v i d u a l  d r y i n g  
exper iments  r e q u i r e d  from e i g h t  t o  twelve days  t o  comple te ,  ( i . e . ,  t o  r e a c h  
a s t e a d y  s t a t e  moi s tu re  l e v e l  i n  the  p roduc t  c h a r a c t e r i s t i c s  of t h a t  d r y i n g  
r u n ) ,  o n l y  twelve o f  t h e  twenty- f ive  expe r imen t s  i n  Table 4A could  be com- 
p l e t e d .  Those t h a t  were made a r e  i n d i c a t e d  by an a s t e r i s k  i n  the  t a b l e .  
This number does n o t  i n c l u d e  a t o t a l  of f i v e  r e p l i c a t i o n s  t h a t  were made, 
or  f o u r  experiments shown i n  p a r t  B of  t h e  t a b l e  t h a t  were made a s  p a r t  of 
the o r i g i n a l  € i v e  f a c t o r  des ign  b e f o r e  e l i m i n a t i n g  tempera ture  a s  a v a r i a b l e .  
Counting a l l  t h e s e  r u n s ,  a t o t a l  of twenty-one expe r imen t s  was completed 
f o r  t h i s  s t u d y .  
- 2 1  - 
Figure 7 
BOX WILSON CENTRAL COMPOSITE DESIGN 
0 = Points of Init ial  
23 Factorial b 
0 = Additional points 
for composite design 
0 = Center point 
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Table 4A 
Four Factor  Design @ 77°F Sorp t ion  Temperature 
Space Ve loc i ty  
Coded Form Purge/Feed C F H / ~ ~  Half Cycle Tjme 
X X X X vo i. /vo 1 S i l i c a  G e l  Sec -1-2-3- 4- 
-1  -1  -1  -1 
1 -1 -1 -1 
- 1  1 -1 -1 
1 1 -1 - 1  
-1 -1 1 -1 
1 -1 1 - 1  
-1  1 1 -1 
1 1 1 - 1  
-1  -1 -1 1 
1 -1 -1 1 
-1 1 -1  1 
1 1 -1 1 
-1  -1 1 1 
1 - 1  1 1 
-1  1 1 1 
1 1 1 1 
- 2  0 0 
0 - 2  0 
0 2 0 
0 0 -2 
0 0 2 
0 0 0 
0 0 0 
2 ( 4 )  o 0 











1 .2  
1.1 
1 . 2  
1 .1  




1 .2  
1.1 






































124 .9  
Center Po in t  
124.9  
Table 4 B  
Add i t iona l  Experiments Made a t  60°F 
1 . 1  
1 .2  
1.1 
1 . 2  
93 .8  
1 5 6 . 0  




















4 5  
45 




* Runs Completed 
(1) Since the design i s  symmetrical ,  60 s e c  can be taken as 
( 2 )  Replicated once 
( 3 )  Replicated th ree  times 
( 4 )  G'= _+ 2 fo r  a four  f a c t o r  design 
-1 and 3 0  sec  as +1 
45 








4.5" ( 2 )  






6 .3  
6.3" 
6 . 3  
6 . 3  
6 . P  
6 .3  
6 . 9  
5 . 4  
5 . 4  
5 . 4  
5 . 4  
5 . 4  
5 . 4  
3.6 
7 . 2  
5 . 4  
4 .5  * ( 2 )  
4 .5  7k 
4 . 5  * 
4.5  'k 
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4.4 .  O u t l i n e  of Experimental  Procedures 
The exper iments  r e q u i r e d  moni tor ing  the  water  c o n c e n t r a t i o n  i n  
the d r i e d  e f f l u e n t  u n t i l  a s t e a d y  s t a t e  c o n d i t i o n  had been ach ieved .  
s t e a d y  s t a t e  l e v e l  then r e p r e s e n t e d  the  sys tem response  t o  t h e  p a r t i c u l a r  
combination of v a r i a b l e s  used. The parameters were v a r i e d  acco rd ing  t o  t h e  
s t a t i s t i c a l  expe r imen ta l  des ign  d i scussed  i n  t h e  p rev ious  s e c t i o n  and w i t h i n  
l i m i t s  determined t o  be r e p r e s e n t a t i v e  of those which might e x i s t  i n  f u t u r e  
s p a c e c r a f t .  
Th i s  
The u n i t  was des igned  t o  o p e r a t e  con t inuous ly  once t h e  p rocess  
v a r i a b l e s  had been s e t .  
flow r a t e s ,  a d j u s t i n g  the  au tomat ic  t i m e r  whi.ch a c t i v a t e d  t h e  c y c l i n g  v a l v e s ,  
then f i x i n g  the  purge t o  f eed  r a t i o  by s e t t i n g  the  p r e s s u r e s  on the two beds.  
For t h e  exper iments  below ambient temperature ,  the a i r  c o n d i t i o n e r  w a s  s e t  
t o  m a i n t a i n  60°F. 
For each run ,  t h i s  involved  s e t t i n g  the  C02 and a i r  
Although the  d ry ing  u n i t  r a n  con t inuous ly  around the  c l o c k ,  i t s  
o p e r a t i o n  w a s  a t t e n d e d  only d u r i n g  normal work day hours  ( less than  1 /3  
t o t a l  o p e r a t i n g  t ime)  and t h i s  involved o n l y  p e r i o d i c  ad jus tmen t s  i n  flow 
r a t e s  and bed p r e s s u r e s .  I n  g e n e r a l ,  ove rn igh t  v a r i a t i o n s  f o r  the  former 
were l e s s  t han  10% whi l e  t h e  l a t t e r  v a r i e d  by no more than ,+ 0.5 i n  Hg. 
During t h e  day, h o u r l y  r e a d i n g s  were taken of e f f l u e n t  wa te r  c o n c e n t r a t i o n ,  
i n l e t  and o u t l e t  bed p r e s s u r e s ,  i n l e t  gas t empera tu re ,  s a t u r a t o r  t empera tu re ,  
and ambient  t empera tu re .  I n  a d d i t i o n ,  the moi s tu re  c o n t e n t  of the  f eed  gas  
w a s  moni tored  p e r i o d i c a l l y .  This was done t o  p rov ide  a check on the  opera-  
t i o n  of t h e  s a t u r a t o r  system. 
P e r i o d i c  shut-down of t h e  u n i t  became n e c e s s a r y  a s  a r e s u l t  of 
system l e a k s ,  v a l v e  f a i l u r e s ,  and r equ i r ed  mechanical changes ( e . g . ,  r e -  
p l a c i n g  b e d s ) .  Actua l  time s p e n t  i n  d iagnos ing  problems and subsequen t ly  
e l i m i n a t i n g  them may have c o s t  a s  much a s  10% of the  t o t a l  a v a i l a b l e  e x p e r i -  
menta l  t i m e .  Th i s  i s  n o t  cons ide red  t o  be e x c e s s i v e ,  however, s i n c e  the u n i t  
o p e r a t e d  a lmos t  con t inuous ly  f o r  over  5,000 hour s .  
4.5 .  Data Summary 
F i g u r e  8 shows t h e  t y p i c a l  response t h a t  was ob ta ined  i n  t h e  d r y i n g  
expe r imen t s .  Each complete d ry ing  experiment took anywhere from one week 
t o  t e n  days  t o  complete,  and an a d d i t i o n a l  day o r  two t o  d r y  the d e s i c c a n t  
between r u n s .  F i g u r e  8 shows a p l o t  of t h e  moi s tu re  c o n t e n t ,  i n  bo th  p a r t s  
per  m i l l i o n  and dew p o i n t ,  v e r s u s  t h e  number of completed d ry ing  c y c l e s  f o r  
Run 15. A s  used i n  t h i s  r e p o r t ,  p a r t s  per m i l l i o n  or ppm f o r  s h o r t ,  i s  
d e f i n e d  a s  ( P H ~ ~ / P  a tm)* lOb ,  where P H ~ ~  i s  t h e  p a r t i a l  p r e s s u r e  of H20 i n  t h e  
g a s ,  and P atm i s  a tmospher ic  p r e s s u r e .  Reference  t o  Appendix 2 w i l l  show 
t h a t  t h i s  i s  t h e  most convenient way of r e p r e s e n t i n g  t h e  r e s u l t s .  
The shape  of t h e  d ry ing  response curve i s  c h a r a c t e r i s t i c  of a H e a t l e s s  
S ince  t h e  c y c l e s  a r e  s h o r t ,  change between a l t e r n a t e  c y c l e s  a r e  3 r y i n g  p r o c e s s .  
s m a l l .  A s  c y c l i n g  proceeds ,  the  moisture con ten t  of t h e  product i n c r e a s e s  from 
i t s  i n i t i a i  i e v e i  ( P o i n t  Aj  t o  some f i n a i  or s t e a d y  s t a t e  i e v e i  (Point  C j  determified 
- 24 - 
T y p i c a l  Response f o r  Drying Experiments 
I I I I I I I I I 
1 
RUN NO.  15 
z 
0 - - 
4 _I_ s&yyy - I- 120- MASS TRANSFER ZONE 2 ESTABLISHED 
C I- z 
W - 





















by t h e  o p e r a t i n g  c o n d i t i o n  of  t h a t  r u n .  
r e a c h e d  when t h e  mass t r a n s f e r  zone i n  t h e  bed i s  s u f f i c i e n t l y  deve loped  
t o  s a t u r a t e  the  purge t o  t h a t  l e v e l  r e q u i r e d  f o r  removing a n  amount of 
water  equal  t o  t h a t  b rought  i n t o  t h e  bed d u r i n g  a d s o r p t i o n .  
c y c l e s  be fo re  t h e  s t e a d y  s t a t e  i s  r e a c h e d  ( P o i n t  B t o  P o i n t  C ) ,  t h e  mass 
t r a n s f e r  zone i n  t h e  bed i s  c o n t i n u a l l y  i n c r e a s i n g  s i n c e  t h e  amount of wate r  
desorbed  i s  l e s s  t h a n  t h e  amount a d s o r b e d .  
T h i s  s t e a d y  s t a t e  s i t u a t i o n  i s  
I n  t h o s e  
W 
--81 
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The d r y i n g  curves f o r  t h e  o t h e r  r u n s  a r e  shown i n  F i g u r e s  9 t o  23 .  
I n d i v i d u a l  d a t a  p o i n t s  have been o m i t t e d  from t h e s e  f i g u r e s  b u t  a r e  a v a i l a b l e  
i n  Appendix 3 .  R e f e r r i n g  t o  F i g u r e s  4 ,  16 ,  1 7 ,  and 2 2 ,  i t  can be s e e n  t h a t  
fou r  of t h e  d r y i n g  r u n s  were made i n  a d i f f e r e n t  manner from t h e  o t h e r s .  
These fou r  r u n s  were made s t a r t i n g  w i t h  beds t h a t  con ta ined  more m o i s t u r e  
than they  should have had based on t h e i r  o p e r a t i n g  c o n d i t i o n s .  
t he  i n i t i a l  m o i s t u r e  c o n t e n t s  were h ighe r  t h a n  t h e  s t e a d y  s t a t e  levels  
reached a f t e r  many c y c l e s  of o p e r a t i o n .  
Consequent ly ,  
R e p l i c a t i o n s  were made of Runs 6 ,  7 ,  and 8 (F igu res  14, 15, and 16, 
r e s p e c t i v e l y ) .  Run 6 was r e p l i c a t e d  t o  o b t a i n  a n  e s t i m a t e  of expe r imen ta l  
e r r o r .  Run 7 was r e p l i c a t e d  because i t  was made a t  t h a t  combinat ion of 
o p e r a t i n g  c o n d i t i o n s  ( i . e . ,  low purge t o  f eed  r a t i o ,  h igh  space  v e l o c i t y ,  
long c y c l e  t i m e ,  and s h o r t  b e d s )  which produced a r e l a t i v e l y  h igh  m o i s t u r e  
l e v e l  t h a t  was v e r y  s e n s i t i v e  t o  small  changes i n  o p e r a t i n g  c o n d i t i o n s .  
F igu re  15 shows j u s t  how s e n s i t i v e  i t  was. V a r i a t i o n  of o n l y ?  .02  in  t h e  
purge t o  f e e d  r a t i o  changed t h e  moi s tu re  c o n t e n t  by more than  150 ppm. 
A summary of a l l  t h e  r e s u l t s  of t h e  d r y i n g  experiments  i s  g i v e n  i n  
Table 5. A t o t a l  of twenty-one r u n s  were completed a t  s i x t e e n  d i f f e r e n t  
c o n d i t i o n s .  
, 
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Table 5 
SummarY Of Dryinp Resu l t s  
Steady S t a t e  
Experiment Purge/Feed Space Ve loc i ty  Half Cycle Time Bed Length Sorp t ion  Temp Moisture Level 
I n  D r i e d  Gas,PPM Number Vol/Vol CFH/lb Sec I n  OF 
1 1.1 156.0 
2 1 . 2  156.0 














1 . 2  
1.2 
1.2 
1 .2  



















11 1.1 156.0 
1 2  1.2 156.0 
13 1.1 93.8 
14 1.2 93.8 
30 4.5 77 67 
30 4.5 77 7.5 


















4 .5  





4 .5  
77 















165 } *(2 )  
45 0 
>30 1 (3)  < 52 
3 
2 
15 1.1 156.0 60 
16 1 . 2  156.0 30 
30 4.5 60 67 
60 4.5 77 9 
60 6.3 77 18 
30 6.3 77 1 
6.3 77 100 
6.3 77 6 
* See Figure 15. 
(1) Taken a s  9 f o r  a n a l y s i s  of va r i ance  and r e g r e s s i o n  
(2) Taken a s  307 f o r  a n a l y s i s  of va r i ance  and r e g r e s s i o n  
(3) Taken a s  41  f o r  a n a l y s i s  of va r i ance  and r e g r e s s i o n  
I 
1 1 0  9 
VI VI 
0 
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4.6.  Data Analys is  and C o r r e l a t i o n  
The expe r imen ta l  program was o r i g i n a l l y  des igned  t o  s t u d y  t h e  
e f f e c t s  of  f i v e  o p e r a t i n g  parameters :  purge t o  f eed  r a t i o ,  space  v e l o c i t y ,  
c y c l e  t i m e ,  bed l e n g t h ,  and s o r p t i o n  tempera ture .  
t o  fou r  when i t  was found t h a t  tempera ture  had no e f f e c t  on t h e  s t e a d y  s t a t e  
moi s tu re  con ten t  of  t h e  d r i e d  gas .  Reference t o  Table  6 w i l l  show t h a t  t h e  
corresponding r u n s  a t  60 and 77'F produced r e s u l t s  which on average  checked 
a s  c l o s e l y  as  t hose  i n  r e p l i c a t e  r u n s .  
This  number was reduced  
Table  6 
Comparison of R e s u l t s  a t  66" and 77 OF 
Purge t o  Space V e l o c i t y ,  Half Cycle T ime  






















































Steady  S t a t e  














Note: Bed Length = 4.5" f o r  a l l  t h e s e  exper iments  
Of t h e  fou r  remain ing  v a r i a b l e s ,  i t  was a p p a r e n t  t h a t  purge t o  f eed  
r a t i o  and s p a c e  v e l o c i t y  were impor tan t  pa rame te r s .  The e f f e c t s  of c y c l e  t i m e  
and bed length ,  however, were less obvious .  Consequent ly ,  a n  a n a l y s i s  of 
v a r i a n c e  (ANOVA) was made of t h e  d a t a  t o  de t e rmine  t h e i r  importance.  For t h i s  
a n a l y s i s ,  the d a t a  were d i v i d e d i n t o  two groups  shown a s  A and B i n  Tables  7 and 
8 ,  r e s p e c t i v e l y .  I n  Group A ,  t he  e f f e c t  o f  c y c l e  t i m e  was s t u d i e d  i n  c o n j u n c t i o n  
w i t h  t h e  purge t o  f eed  r a t i o  and t h e  space  v e l o c i t y .  I n  Group B y  t h e  e f f e c t  of 
bed l e n g t h  was cons idered  w i t h  t h e  o t h e r  two v a r i a b l e s .  
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Table 7 

















E r r  or** 
Tota 1 
Grand Mean 
F0.05, 1, 3 
MS C r i t .  
Group A ANOVA 
Temperature = 77°F 
Bed Length = 4.5" 
Treatment Combination S teady  S t a t e  PPM H a  





































Degree of Freedom 
10 
, A = Purge t o  f e e d  r a t i o  
B = Space v e l o c i t y ,  CFH/lb bed 
C = Half cyc le  t i m e ,  Sec.  
(1) S i g n i f i c a n t  a t  t h e  95% confidence l e v e l  


















0.0286 ( 2 )  
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Table 8 


















E r r o r  
T o t a l  
Grand Mean 
F0.05, 1, 3 
MS C r i t .  
Temperature = 77'F 
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a b c  
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A = Purge t o  f e e d  r a t i o  
B = Space v e l o c i t y ,  CFH/lb bed 
C = Bed l e n g t h ,  i nches  




















(1) S i g n i f i c a n t  a t  the  95% conf idence  l e v e l  
( 2 )  S i g n i f i c a n t  a t  the  90% conf idence  l e v e l  
(3) See Table 9 
I . 
I 
- 45 - 
The source  t e r m s  A ,  B y  C y  AB, AC, e t c . ,  i n  Tables  7 and 8 r e f e r  
t o  t h e  l i n e a r  and i n t e r a c t i o n  t2ms i n  t h e  l i n e a r  models. 
log  PPM = f (P/F, SV, CT/2) 
and 
log  PPM = f '  (P/F, SV, BL) 
I n  t h e s e  models, t h e  loga r i thm of  t h e  moi s tu re  con ten t  was used a s  t h e  
dependent v a r i a b l e  r a t h e r  than  the moisture  c o n t e n t  p e r  s e .  The loga r i thm 
form was chosen f o r  two r e a s o n s .  The f i r s t  i s  t h a t  a d s o r p t i o n  breakthrough 
d a t a  a r e  o f t e n  c o r r e l a t e d ( a )  by a func t ion  of the  form: 
PPM component i n  e f f l u e n t  = g (space v e l o c i t y ,  t ime on a d s o r p t i o n ,  e t c . )  log PPM component i n  f eed  
Although t h i s  equa t ion  d e s c r i b e s  t r a n s i e n t  behav io r  fog  l o n g  a d s o r p t i o n  
c y c l e s ,  t h e r e  a r e  s i m i l a r i t i e s  between i t  and the  s low bu t  s t e a d y  bu i ldup  of 
moi s tu re  i n  a r a p i d l y  cyc l ing  h e a t l e s s  p r o c e s s .  The second r eason  is  s imply  
t h a t  t h e  use of  t h e  logar i thm func t ion  r e s u l t e d  i n  a b e t t e r  e m p i r i c a l  f i t  t o  
t h e  d a t a  than  d i d  t h e  l i n e a r  form. This i s  b e s t  understood by r e a l i z i n g  t h a t  
i t  was necessa ry  t o  c o r r e l a t e  l a r g e  v a r i a t i o n s  i n  the  independent  v a r i a b l e  
( i .e . ,  1 t o  310 PPM H 2 0 )  w i th  r e l a t i v e l y  s m a l l  changes i n  t h e  v a l u e s  of t h e  
dependent  v a r i a b l e s .  The da ta  were c o r r e l a t e d  us ing  a m u l t i p l e  l i n e a r  
r e g r e s s i o n  technique .  If t h e  l i n e a r  response  had been assumed, a n  e r r o r  i n  
t h e  moi s tu re  con ten t  a t  some low l e v e l  would have been g iven  a s  much weight  
i n  t h e  r e g r e s s i o n  a s  the  same abso lu te  e r r o r  a t  some h ighe r  l e v e l .  For 
example, a 1 PPM e r r o r  a t  t he  10 PF'M mois ture  l e v e l  would have been cons idered  
a s  impor t an t  a s  t h e  same e r r o r  a t  100 o r  1000 PPM. I n  c o n t r a s t ,  t h e  loga r i thm 
t r a n s f o r m a t i o n  provided a cons t an t  r e l a t i v e  e r r o r  which was f a r  more r e a l i s t i c  
f o r  t h e s e  exper iments .  
I n  t h e  a n a l y s i s  of v a r i a n c e ,  a f a c t o r  i s  assumed to be s i g n i f i c a n t  
i f  i t s  mean squa re  va lue  i s  l a r g e  compared t o  the  mean square  expe r imen ta l  e r r o r .  
Based on r e p l i c a t i o n s  of Run 9 ,  t h e  mean squa re  e r r o r  was c a l c u l a t e d  t o  be 
0.0286 f o r  t h e s e  exper imsnts .  
Table 9 






Range , W 11 
S e r r o r  = W/2.059 5.3 
MSerror 28.1 
degrees  of  freedom = 3 








( a )  Derived f o r  cons t an t  p a t t e r n ,  i so thermal  a d s o r p t i o n  w i t h  e x t e r n a l  d i f f u s i o n  
c o n t r  o l  l i n g .  See : (25). 
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I Based on a 90% conf idence  l e v e l ,  t h e  d a t a  were c o r r e l a t e d  by a n  
e q u a t i o n  of  the  form: l o g  PPM = a. + a 1  (P/F) + a 2  (SV) + a 3  (BL) u s ing  s t a n d a r d  
r e g r e s s i o n  techniques t o  de te rmine  t h e  t h r e e  c o n s t a n t s .  The f i n a l  e q u a t i o n  
which was obta ined  i s :  
l o g  PPM H 2 0  = 14.8612 - 12.5875 (P/F)  + 0.01113 (CFH/lb bed)  - 0.1218 (BL, inches )  
. 
For any  of t h e  f a c t o r s  t o  be s i g n i f i c a n t  a t  t he  95% confidence leve l ,  t h e i r  
mean s q u a r e  va lue  should  be t e n  o r  more t i m e s  t h i s  v a l u e .  Reference  t o  Tables  
7 and 8 w i l l  show t h a t  t h e  mean squa res  f o r  o n l y  purge t o  f eed  and space  
v e l o c i t y  s a t i s f y  t h i s  requi rement .  Bed l e n g t h  i s  s i g n i f i c a n t  a t  o n l y  t h e  90% 
conf idence  l e v e l ,  wh i l e  cyc le  t i m e  becomes impor t an t  on ly  below t h e  80% leve l .  
Using t h i s  equat ion ,  a l l  t h e  expe r imen ta l  r e s u l t s  were s u b j e c t e d  t o  p r e d i c t i o n  
wi th  t h e  r e s u l t s  shown i n  Table  10. 
Table  10 
C o r r e l a t i o n  Does Good Job i n  P r e d i c t i n g  Data 

















Mois ture  Level of DriedGas 































2 0  
96 
Most of t h e  d a t a  a r e  p r e d i c t e d  v e r y  w e l l  by t h e  e q u a t i o n .  
l e s s ,  i n  using t h i s  equa t ion  f o r  d e s i g n  pu rposes ,  i t  i s  impor t an t  t o  r e a l i z e  
i t s  l i m i t a t i o n s  a s  w e l l  a s  i t s  v a l u e .  The p r i m e  v a l u e  of t h e  e q u a t i o n  i s  
t h a t  i t  provides  t h e  t o o l  needed t o  op t imize  t h e  d r y i n g  sub-system w i t h i n  t h e  
framework of  a n  o v e r a l l  l i f e  suppor t  sys tem.  I n  t h e  range  of m o i s t u r e  l e v e l s  
t h a t  i s  of most i n t e r e s t  ( i . e . ,  0 t o  100 PPM), t h e  e q u a t i o n  does a n  e x c e l l e n t  
j o b  of p r e d i c t i n g  t h e  r e s u l t s  a t  d i f f e r e n t  d r y i n g  c o n d i t i o n s .  The two c a s e s  
f o r  which t h e r e  i s  the  l a r g e s t  d i s c r e p a n c y  between a c t u a l  and p r e d i c t e d  v a l u e s  
a r e  Runs 1 and  7 .  Both t h e s e  r u n s  were made a t  t h e  low purge t o  f e e d  r a t i o  
and high space v e l o c i t y .  Run 1 was made w i t h  a t h i r t y - s e c o n d  h a l f  c y c l e  t i m e  
and Run 7 was made w i t h  a s ix ty - second  h a l f  c y c l e  t i m e .  The r e s u l t s  of t h e s e  
N e v e r t h e  
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runs ind ica t e  t h a t  t he re  i s  some form of v a r i a b l e  i n t e r a c t i o n  among the  purge 
t o  feed, space ve loc i ty  and cycle  time. The combination of high purge t o  
feed, high space v e l o c i t y  and long cycle time appears t o  be r i g h t  a t  the  edge 
of o p e r a b i l i t y  f o r  t he  Heatless Drying system. Evidence of t h i s  i s  shown i n  
Figure 15  f o r  Run 7 .  I n  t h i s  run,  small v a r i a t i o n s  i n  the  low purge t o  
feed r a t i o  produced very  la rge  f luc tua t ions  i n  the  product moisture  content .  
Thus, although no s i g n i f i c a n t  i n t e rac t ion  was found i n  the  s t a t i s t i c a l  ana lys i s  
of the  da ta ,  there  is  l i t t l e  doubt of i ts  ex is tence .  
4 . 7 .  Heatless System Designs 
The da ta  summarized i n  Table 5 ,  and the  equat ion der ived from these 
da t a  i n  Sec t ion  4 . 6 . ,  can be used t o  design Heatless Driers f o r  use i n  the  
C02 con t ro l  system of manned spacecraf t .  Table 11 gives  examplesof Heatless 
Drying systems, the  des iccant  weight and the  power shown are based on a 3-man 
system. 
The desiccant  requirements were determined d i r e c t l y  from the  space 
v e l o c i t i e s  of Table 5 and the  required gas flow ra tes .  
t he  co2 removal rate and the  removal e f f i c i ency  of the molecular s i eve  beds. 
A value of about 4 CFM/man appears t o  be t y p i c a l  f o r  maintaining C02 p a r t i a l  
p ressure  i n  the  range of 4 t o  8 mm Hg. 
Gas flow rate i s  s e t  by 
Table 11 
Drier Design f o r  3-Man CO7 Control System 
System Pressure 
Gas Temp, OF 
Gas Dew Poin t ,  OF 
Gas Flow Rate CFM/Man 




Moisture Content Per 
of  Dried Gas, PPM- Bed 
From 
Steady S t a t e  S i l i c a  G e l  
- rrom Exp. Desipn Eqn. 
30-34 32  7.7 
67  160 
2- 3 1.8 




Purge t o  
Feed R a t i o  
1.1 
1.1 
1 . 2  
1 . 2  
-10 ps ia  
6 0  - 7 5 "  
-.45" 
4 
30 t o  60 seconds 
4.5" 
6 - 12 mesh Grade 40 S i l i c a  G e l  
Compress ion Rat i o  Theor e t  i ca  1 Power 
of Blower fPr  Blower, Watts 
1*12F- .12 41.3 
1.22 7 9 . 6  
The compression r a t i o  was determined from t h e  purge t o  f e e d  r a t i o .  The 
purge t o  feed r a t i o  w a s  d e f i n e d  i n  S e c t i o n  3 . 1  as t h e  r a t i o  of t h e  v o l u m e t r i c  
flow through t h e  d e s o r b i n g  bed d i v i d e d  by t h e  vo lumet r i c  f low through t h e  ad- 
s o r b i n g  bed.  
4 B ) ,  98 t o  99% o f  t h e  d r i e d  gas  would be t y p i c a l l y  r e t u r n e d  t o  t h e  d e s o r b i n g  
d e s i c c a n t  bed a f t e r  carbon d i o x i d e  removal.  
v o l u m e t r i c  flows i n  t h e  d r y i n g  beds would be approximately e q u a l  t o  t h e  r a t i o  
o f  t h e  p r e s s u r e s  i n  t h e s e  beds.  
t h e  blower t o  push gas  through t h e  f o u r  bed system would j u s t  about  e q u a l  t h i s  
p r e s s u r e  r a t i o .  Having e s t a b l i s h e d  t h e  necessa ry  compression r a t i o ,  t h e  
t h e o r e t i c a l  power r equ i r emen t s  cou ld  t h e n  be c a l c u l a t e d  f o r  t h e  system blower.  
t h e  d e s i c c a n t  o r  t h e  gas  i s  r e q u i r e d  f o r  h e a t l e s s  systems,  t h e  power shown 
i n  Table l l r e p r e s e n t s  t h e  t o t a l  r equ i r emen t s  of t h e  e n t i r e  C02 c o n t r o l  system 
w i t h  t h e  excep t ion  of t h e  s m a l l  a d d i t i o n a l  amount of power needed f o r  c y c l e  
c o n t r o l  ( e .g . ,  timer, o p e r a t i n g  t h e  v a l v e s ,  e t c . ) .  Furthermore,  e l i m i n a t i o n  
of h e a t i n g  a n d  c o o l i n g  r e s u l t s  i n  t h e  s a v i n g  of t h a t  weight  a s s o c i a t e d  w i t h  
h e a t  exchange o r  h e a t  g e n e r a t i n g  equipment and s i g n i f i c a n t l y  reduced system 
comp l e  x i  t y . 
i n  t h e  t a b l e  a r e  t h e  s t e a d y  s t a t e  v a l u e s  t h a t  would be r eached  a f t e r  many 
hours  of c y c l i c  o p e r a t i o n .  A s  Figures  9 t o  23 i n d i c a t e )  t h e  m o i s t u r e  
bu i ldup  i s  g radua l  s o  t h a t  t h e  ave rage  water l eve l  of t h e  d r i e d  g a s ,  over a 
f i x e d  p e r i o d  of t i m e ,  i s  lower t h a n  t h e  s t e a d y  s t a t e  l e v e l .  S ince  i t  i s  t h e  
t o t a l  amount of wa te r  e n t e r i n g  t h e  CO2 system t h a t  de t e rmines  t h e  d e c r e a s e  
i n  c a p a c i t y ,  t h e  d r y i n g  system can be des igned  t o  o p e r a t e  a t  less  severe 
c o n d i t i o n s  than would be c a l c u l a t e d ,  based on s t e a d y  s t a t e  o p e r a t i o n .  
For t h e  four-bed ca rbon  d i o x i d e  c o n t r o l  system (see F igure  4 A  and 
Cons&quently,  t h e  r a t i o  of t h e  
I n  t u r n ,  t h e  compression r a t i o  r e q u i r e d  by 
It should be emphasized t h a t  s i n c e  n e i t h e r  h e a t i n g  nor  c o o l i n g  of 
It is impor t an t  t o  r e c o g n i z e  t h a t  t h e  wa te r  c o n c e n t r a t i o n s  shown 
4.8 .  A d d i t i o n a l  Design C o n s i d e r a t i o n s :  
E f f e c t  of Temperature F l u c t u a t i o n s  
and Cycle D i s r u p t i o n s  
I n  a d d i t i o n  t o  the  p r i n c i p a l  e f f e c t s  d e s c r i b e d  i n  t h e  p reced ing  
s e c t i o n s )  two o t h e r  c h a r a c t e r i s t i c s  of t h e  p rocess  were observed which a r e  
impor t an t .  
The p o s s i b i l i t y  e x i s t s ,  f o r  example, t h a t  d u r i n g  o p e r a t i o n  of a 
H e a t l e s s  Drying system i n  a space  v e h i c l e ,  some mechanical  m a l f u n c t i o n  may 
cause i n t e r r u p t i o n  i n  normal c y c l i n g .  The q u e s t i o n  obv ious ly  a r i s e s  a s  t o  
how long a time would be a v a i l a b l e  f o r  r e p a i r s  i n  t h e  e v e n t  of such a n  
occur rence .  
This problem was s t u d i e d  e x p e r i m e n t a l l y  by d i s c o n t i n u i n g  c y c l i n g  
A s  might be expec ted ,  t h i s  b u i l d u p  depended s t r o n g l y  on t h e  space  
a t  t h e  end of s e v e r a l  r u n s  and obse rv ing  t h e  b u i l d u p  of m o i s t u r e  i n  t h e  
product .  
v e l o c i t y , a n d  on t h e  purge t o  f e e d  r a t i o  t h a t  had been used p r i o r  t o  t h e  u p s e t .  
F igu re  2 4  i l l u s t r a t e s  t h i s  e f f e c t .  
and t h e  low purge t o  f e e d  r a t i o ,  t h e  wa te r  l e v e l  of t h e  p roduc t  exceeded 
200 ppm i n  about 10 minu tes .  
1.1 t o  1 . 2  f o r  such a system reduced t h e  amount o f  s a t u r a t e d  bed which 
e x i s t e d  a t  s t e a d y  s t a t e  and t h e r e b y  provided a n  a d d i t i o n a l  20 t o  30 minutes  
b e f o r e  t h e  moisture  con ten t  r eached  t h i s  same l e v e l .  
When o p e r a t i n g  a t  t h e  h i g h  space  v e l o c i t y  
I n c r e a s i n g  t h e  purge t o  f eed  r a t i o  from 
F i n a l l y ,  when low 
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I 
space  v e l o c i t i e s  were used i n  conjunct ion  w i t h  h igh  purge t o  f e e d  r a t i o s  
a s  much a s  a n  hour and a h a l f  was a v a i l a b l e  b e f o r e  the  200 ppm l e v e l  was 
exceeded. These t imes can undoubtedly be  extended by c y c l i n g  t h e  v a l v e s  
manually on some r e g u l a r  b a s i s .  Neve r the l e s s ,  the  t i m e  a v a i l a b l e  t o  
complete c o r r e c t i v e  a c t i o n s  w i l l  i n  g e n e r a l  v a r y  w i t h  c o n d i t i o n s  -- 

































BREAKTHROUGH TIME VARIES WITH PROCESS CONDITIONS 
1 
Time to Reach 200 PPM 
P/F (Minutes) 
Space Velocity 
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LENGTH OF TIME AFTER CYCLING DISCONTINUED, MIN. 
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T h e o t h e r  o b s e r v a t i o n  made i n  t h e s e  s t u d i e s ,  t h a t  would have 
b e a r i n g  on sys tem des ign  and i n t e g r a t i o n ,  was t h a t  changes i n  s o r p t i o n  
tempera ture  could  produce t r a n s i e n t  changes i n  t h e  product  moi s tu re  c o n t e n t  
even though they  produced no long l a s t i n g  e f f e c t s .  An example of t h i s  i s  
shown i n  F igu re  25 .  I n  t h i s  c a s e ,  a n  i n i t i a l l y  w e t  bed was cyc led  a t  60°F 
f o r  24 hours ,  du r ing  which pe r iod  t h e  product  moi s tu re  con ten t  dropped from 
200 t o  25  PPM. A t  t h i s  p o i n t ,  t h e  system tempera ture  was r a i s e d  t o  77°F. 
The r e sponse  t o  t h i s  change was a n  immediate r i se  i n  t h e  e f f l u e n t  concen- 
t r a t i o n .  However, w i t h i n  twenty-four  hours ,  t h e  level had passed  through 
a maximum and was back t o  25 PPM once more. Continued c y c l i n g  drove  t h e  
water  l eve l  even lower a s  indeed i t  would have done a t  t h e  lower.  t empera ture  
The importance of  t h e s e  r e s u l t s  i s  t h a t ,  a t  worse,  any e f f e c t  due t o  tempera- 
t u r e  f l u c t u a t i o n s  w i l l  be  s h o r t  l i v e d  and t h e r e f o r e  need n o t  m e r i t  undue con- 
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' CONCLUSIONS AND RECOMMENDATIOXS 
It i s  appa ren t  from t h e  r e s u l t s  ob ta ined  i n  t h i s  s t u d y  t h a t  t h e  
H e a t l e s s  Drying p rocess  could provide  an  e f f e c t i v e  means of producing t h e  
u l t r a - d r y  a i r  needed by t h e  molecular  s ieve-based  carbon d iox ide  c o n t r o l  
systems of  f u t u r e  manned s p a c e c r a f t .  The Hea t l e s s  Drying t echn ique  would 
e l i m i n a t e  much of t h e  complexi ty  i n h e r e n t  i n  t h e  thermal  swing c y c l e .  With 
a h e a t l e s s  system, t h e r e  would be no need f o r  i n t e r b e d  h e a t i n g  o r  c o o l i n g  
of p rocess  s t reams,  o r  f o r  d i r e c t  h e a t i n g  o r  coo l ing  of t h e  s o r b e n t .  
E l i m i n a t i o n  of  hea t  g e n e r a t i n g  and h e a t  exchange equipment should  r e s u l t  
i n  d i r e c t  r e d u c t i o n  of o v e r a l l  sys tem weight .  
Adsorbent requi rements  f o r  a h e a t l e s s  system would be compe t i t i ve  
wi th  those  of  t he rma l ly  desorbed systems (26). Furthermore,  e l e c t r i c  power 
r equ i r emen t s  would be  much lower than  f o r  t hose  systems t h a t  a r e  s o l e l y  
dependent on the rmo-e lec t r i c  power f o r  d e s i c c a n t  r e a c t i v a t i o n .  Whether o r  
n o t  t h i s  would a l s o  be  t r u e  f o r  systems t h a t  propose t o  use  was te  hea t  i n  
con junc t ion  with e l e c t r i c  power would depend l a r g e l y  on what f r a c t i o n  of 
t h e  t o t a l  power r equ i r emen t s  could  be s u p p l i e d  by t h e  former method. 
This  s t u d y  has a l s o  shown t h a t  a H e a t l e s s  Drying system would be 
r e l a t i v e l y  tempera ture  i n s e n s i t i v e .  Any u p s e t s  due t o  tempera ture  f l u c t u a t i o n s  
would be t r a n s i s t o r y .  Opera t ing  tempera ture  could  t h u s  be s e l e c t e d  t o  meet t h e  
requi rements  of t h e  carbon d i o x i d e  s o r b i n g  beds o r  of t h e  tempera ture-humidi ty  
c o n t r o l l e r .  S p a r e  d r y i n g  c a p a c i t y  would be a v a i l a b l e  i n  t h e  even t  of a 
f a i l u r e  i n  t h e  c y c l i n g  p rocess  b u t  t h e  amount of s p a r e  c a p a c i t y  would depend 
on t h e  ope ra t ing  c o n d i t i o n s  p r i o r  t o  t h e  u p s e t .  
I n  summary, t h i s  work has shown t h a t  t h e  H e a t l e s s  Drying p rocess  
has  e x c e l l e n t  p o t e n t i a l  f o r  improving t h e  carbon d i o x i d e  c o n t r o l  
f u t u r e  manned s p a c e c r a f t .  Neve r the l e s s ,  t h e r e  a r e  s t i l l  problems t o  cons ide r  
,before  des ign ing  an  a c t u a l  system. For on& t h i n g ,  t h e  e f f e c t  of r a p i d  c y c l i n g  on 
va lve  wear and o p e r a b i l i t y  must be de te rmined .  Another  impor t an t  f a c t o r  i s  t h e  e f f e c t  
of long t e r m  cyc l ing  on t h e  c a p a c i t y  and p h y s i c a l  i n t e g r i t y  of t h e  s o r b e n t .  
F i n a l l y ,  a l though t h e o r e t i c a l  power r equ i r emen t s  f o r  t h e  sys tem a r e  low, d a t a  
a r e  needed t o  determine t h e  a c t u a l  power needed by t h e  a i r  blower o p e r a t i n g  
i n  a h e a t l e s s  system. Informat ion  such  a s  t h i s  can  b e s t  be ob ta ined  i n  a 
f u l l  s c a l e  pro to type  system. 
H e a t l e s s  Dr i e r  b e  b u i l t  based on t h e  d e s i g n  e q u a t i o n  developed and then  
t e s t e d  a s  p a r t  of f u l l  s c a l e  carbon d i o x i d e  c o n t r o l  sys tems.  
sys tem of 
It i s  t h e r e f o r e  recommended t h a t  a p r o t o t y p e  
* 
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5. PHASE 11: INVESTIGATION OF PURGE DESORPTION TECHNIQUES 
FOR A SPACECRAFT co7 SORPTION SYSTEM 
The o b j e c t i v e  of Phase I1 of  t h e  program was t o  i n v e s t i g a t e  t h e  use  
of purge techniques  f o r  improving vacuum d e s o r p t i o n  of C 0 2  from molecular  
s i e v e .  T h i s  s e c t i o n  desc r ibes  t h e  exper imenta l  program and r e s u l t s  ob ta ined  
t h e r e i n .  
5.1. System Parameters  
I n  des ign ing  the  C02-molecular s i e v e  s o r p t i o n  system, t h r e e  f a c t o r s  w i l l  
have t o  be cons idered:  system weight*, a i r  l o s s  du r ing  deso rp t ion ,  and gas  f low 
r a t e .  System weight  w i l l  depend t o  a l a rge  e x t e n t  on t h e  amount of molecular  
s i e v e  r e q u i r e d  and t h e r e f o r e  the  s o r b e n t ' s  c y c l i c  capac i ty .  The gas  f low r a t e  
w i l l  be s e t  by t h e  C 0 2  removal e f f i c i e n c y  ( i . e . ,  f r a c t i o n  of C02 i n  the  gas 
t h a t  i s  adso rbed1  and t h e  CO2 concen t r a t ion  i n  t h e  gas .  Gas flow r a t e ,  t oge the r  
w i th  system p r e s s u r e  drop,  w i l l  determine t h e  power r equ i r ed  by t h e  f a n  t o  move 
t h e  gas  through the  system. F i n a l l y ,  a i r  loss  dur ing  deso rp t ion  w i l l  depend on 
t h e  p u r i t y  of t h e  C 0 2  t h a t  i s  r e j e c t e d  t o  space  dur ing  deso rp t ion  of t h e  molecular  
s i e v e .  Such lo s s  comes from a i r  trapped i n  t h e  void  spaces  of t h e  bed and from 
oxygen and n i t r o g e n  which i s  adsorbed by t h e  molecular  s i e v e .  The maximum a i r  
loss  which can be t o l e r a t e d  w i l l  depend on s e v e r a l  f a c t o r s  bu t  t h e  d u r a t i o n  of 
t h e  miss ion  i s  t h e  primary one s i n c e  a l l  a i r  l o s t  from the  space capsu le  must 
be  made up from a r e s e r v e  supply  c a r r i e d  on board.  
Based on previous  exper ience ,  i t  was known t h a t  t h e  r e d u c t i o n  which 
purge d e s o r p t i o n  could make i n  so rben t  requirement  and deso rp t ion  a i r  l o s s  
would depend on t h e  cyc le  i t s e l f  and i t s  p a r t i c u l a r  s e t  of o p e r a t i n g  parameters .  
Consequent ly ,  i t  was necessary  t o  eva lua te  t h e  e f f e c t i v e n e s s  of purge deso rp t ion  
a t  a v a r i e t y  of d i f f e r e n t  o p e r a t i n g  cond i t ions .  The system parameters  t h a t  
were cons idered  important  and v a r i e d  i n  t h i s  s tudy  were cyc le  t ime,  space 
v e l o c i t y ,  bed l eng th ,  C 0 2  p a r t i a l  p re s su re  i n  t h e g a s ,  and C02 s o r b e n t .  
Table  12 shows t h e  va lues  t h a t  were i n v e s t i g a t e d  f o r  each of  t hese  parameters .  
Table 1 2  
System Parameters I n v e s t i g a t e d  
Opera t ing  Var i ab le s  Levels  I n v e s t i g a t e d  
0 . 3  and 0.6 - LB SCFH Bed' p l u s  one l e v e l  
PED purge (Purge c y l i n d e r  v o l .  = 
,065 f t . 3 / l b  s i e v e  
Purge 
CPH 
Space Ve loc i ty  104, 139 and 173  
Bed Length 5 and 9 inches  
(3 .3 : l  and 6 : l  L:D) 
Cycle Time 10, 20, 30, 60 Minutes 
C 0 2  Feed P a r t i a l  P re s su re  
Molecular S ieve  Linde SA and 4A, 1/16" Extruded 
4 and 7.5 mm Hg abs . 
p e l  l e t s  
System weight  i n  t h i s  s e c t i o n  r e f e r s  on iy  t o  t h a t  iissoclr;ted d i r ~ r t l y  w i t h  
C 0 2  removal,  i . e . ,  molecular  s i e v e ,  c o n t a i n e r s ,  cyc l ing  v a l v e s ,  e t c .  I t  
does  no t  i nc lude  any weight a s soc ia t ed  with the  d e s s i c a n t  system t h a t  i s  
needed t o  p re -d ry  the gas .  
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Two types o f  purge were s t u d i e d :  conven t iona l  p roduc t  purge where a ve ry  
s m a l l  p o r t i o n  of t h e  C 0 2  l e a n  product  was used t o  purge t h e  vacuum desorbed 
bed, and PED purge where a p o r t i o n  of t h e  dep res su re  g a s  ( see  S e c t i o n  3.2) 
was used a s  t h e  purging medium. The need t o  s t u d y  both types  of purge,  i n  
r e l a t i o n  t o  the  f i v e  o t h e r  parameters  l i s t e d  above, r e q u i r e d  t h a t  t h e  e x p e r i -  
men ta l  u n i t  b u i l t  be e a s i l y  a d a p t a b l e  t o  d i f f e r e n t  c o n d i t i o n s  and modes of 
opera t ior : .  
5.2. D e s c r i p t i o n  of Experimental  Equipment 
A s chemat i c  diagram of t h e  p i l o t  u n i t  used f o r  t he  C 0 2  removal s t u d i e s  
i s  shown i n  F igu re  26.  
t u b i n g  connected by swage-lock f i t t i n g s ,  and t h e  beds were c o n s t r u c t e d  of 1 -1 /2"  
g l a s s  p i p e .  The molecular s i e v e  was h e l d  i n  t h e s e  beds w i t h  s t a i n l e s s  s t e e l  w i r e  
m e s h  packed f i r m l y  on bo th  s i d e  of t h e  a d s o r b e n t  (See F igu re  
A s  i n  t h e  d r y i n g  u n i t ,  a l l  l i n e s  were made o f  3/8" SS 
6 ) .  
The system g a s  was a mix tu re  of C 0 2  and a i r  metered independen t ly  
through two r o t a m e t e r s .  
w i t h  a commercial H e a t l e s s  Dryer (Gi lba rco  Model HF-200) and t h e  C 0 2  was d r i e d  
by p a s s i n g  i t  through a 24-inch long s i l i c a  g e l  bed. Back p r e s s u r e  w a s  maintained 
a t  20 p s i g  with two back p r e s s u r e  r e g u l a t o r s .  The s e p a r a t e  s t r eams  were blended 
i n  proper p ropor t ions  t o  y i e l d  t h e  d e s i r e d  f low r a t e s  and C02 p a r t i a l  p r e s s u r e s .  
The mixed s t r eam was then  f e d  t o  t h e  bot tom of t h e  adso rb ing  bed. Th i s  bed was 
ma in ta ined  a t  t h e  adso rb ing  p r e s s u r e  (about  21.9 i n  Hg abs.) by means of a CENCO, 
Megavac, vacuum pump, Model 92003 ( r a t e d  a t  2 CFM f r e e  a i r  c a p a c i t y )  and a n  
E m i l  G r e i n e r ,  Model 5, C a r t e s i a n  manostat .  
The a i r  s t r e a m  was p r e - d r i e d  t o  dew p o i n t s  below -90'F 
Desorpt ion vacuum was provided by a Cenco Model 91506, Hyvac 7 ,  vacuum 
pump ( r a t e d  a t  2.79 CFM f r e e  a i r  c a p a c i t y  and 1.24 CFM a t  1 m i l l i t o r r  p r e s s u r e ) .  
The pump was connected t o  the  beds through approx ima te ly  5 f e e t  of 318" l i n e .  
Desorpt ion p r e s s u r e  was measured a t  a p o i n t  i n  t h i s  l i n e  l o c a t e d  abou t  15" from 
t h e  o u t l e t  of t h e  beds w i t h  a Baroce l  511 P r e s s u r e  Transduce r .  The amount of 
d e s o r b a t e  was measured by a w e t  t e s t  meter connected t o  t h e  d i s c h a r g e  of t h e  
Cenco Hyva c Vacuum pump. 
withdrawn, passed through a f l o w  measuring r o t a m e t e r  and a f low c o n t r o l  valve 
and then  through t h e  deso rb ing  bed. 
technique of pu rg ing ,  a 42.5 i n 3  c y l i n d e r  w a s  p rov ided .  T h i s  gave t h e  equ iva -  
l e n t  of .065 f t 3  of volume/lb s i e v e .  A f t e r  bed p r e s s u r e  e q u a l i z a t i o n ,  t h e  
adso rb ing  bed would be depressured i n t o  t h i s  evacuated c y l i n d e r  through 
an Asco model 803041VM so leno id  v a l v e .  
va lve  would be a u t o m a t i c a l l y  c l o s e d  and t h e  gas  i n  t h i s  c y l i n d e r  used a t  a 
c o n t r o l l e d  r a t e  ( f low c o n t r o l  va lve )  t o  purge t h e  d e s o r b i n g  bed. 
Automatic c y c l i n g  was ach ieved  throughout  e v e r y  s t e p  of t h e  p r o c e s s  
us ing  t h e  same type of s o l e n o i d  v a l v e s .  These were a c t i v a t e d  s e q u e n t i a l l y  by 
a c y c l e  programmer manufactured by t h e  Automatic  T i m e r  Corpora t ion .  Th i s  
programmer was capable  of i ndependen t ly  a c t i v a t i n g  any o f  t e n  s o l e n o i d  
v a l v e s  i n  any p a r t  o f  t h e  c y c l e .  Th i s  a l lowed  f o r  maximum f l e x i b i l i t y  i n  
o p e r a t i o n .  Figure 27 shows t h e  v a l v e  sequence used f o r  t h o s e  r u n s  u t i l i z i n g  
the  P r e s s u r e  E q u a l i z a t i o n  Depres su r ing  purge t e c h n i q u e .  
For conven t iona l  purg ing ,  a p o r t i o n  of the  C02 lean product  was 
F o r  t h e  p r e s s u r e  E q u a l i z a t i o n  Depres su r ing  
A f t e r  complet ing t h e  PED s t e p ,  t h i s  
Figure 26 
C02 SORPTION UNIT 
NV 
N 
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R = Rotameter 
NV = Needle valve 
BPR = Back  pressure regulator 
VG = Bourdon vacuum gauges 
= Diaphragm vacuum pump 
= W e t  test  meter 
DVP 
WTM - n - I  - - _ -  I --I..--:J , , - I , , , , ~  0,(OJ - LlObeU,  u p r ~ ~  ~ U I C I I U I U  v a i v L J  
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Figure 27 
PROGRAM CONTROLLED PROCESS SEQUENCE - C 0 2  UNIT 





(a) BED 1 ON ADSORPTION (10 MIN.) 
BED 2 ON PED PURGE (10 MIN.) 
PRODUCT 






(b) BPE (10 SEC.) 
(d)  BED 1 ON PED PURGE (10 MIN.) 
BED 2 ON ADSORPTION (10 MIN.) 
n 
= OPEN SOLENOID VALVE 
@ = CLOSED SOLENOID VALVE 
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Continuous sampling of the-CO2-lean p roduc t  w a s  c a r r i e d  o u t  w i t h  a 
Neptune Dyna Diaphragn Pump (Model #3),  and a n a l y s i s  of  t h i s  sample w a s  made by 
a n  i n f r a - r e d  C 0 2  a n a l y z e r  (Mine S a f e t y  Appl iance ,  Model L i r a  200). The same ana- 
l y z e r  was a l s o  used f o r  moni tor ing  t h e  feed C02 c o n t e n t .  The s i g n a l  from the  C02 
a n a l y z e r  w a s  con t inuous ly  recorded o n  a S a r g e n t  Model 72150 Recorder.  
recorded  ou tpu t  i s  shown i n  F igu re  28. The "saw-tooth" e f f e c t  w a s  ob ta ined  i n  a l l  
exper iments  and r e p r e s e n t s  t h e  breakthrough p a t t e r n  of t h e  sys tem ( i . e .  , t h e  
C02  c o n c e n t r a t i o n  i n  t h e  e f f l u e n t  from t h e  adso rb ing  bed)  wh i l e  t h e  upper s o l i d  
h o r i z o n t a l  l i n e  r e p r e s e n t s  t h e  C02 c o n c e n t r a t i o n  of t h e  f e e d .  The a r e a  be- 
tween t h e  f e e d  l i n e  and the  product c o n c e n t r a t i o n  curve i n d i c a t e s  t h e  amount 
of carbon d i o x i d e  removed p e r  c y c l e .  T h i s  was c a l c u l a t e d  f o r  each  r u n  by 
g r a p h i c a l  i n t e g r a t i o n .  A sample c a l c u l a t i o n  i s  g i v e n  i n  Appendix 4 .  
A t y p i c a l  
The C 0 2  a n a l y z e r  was c a l i b r a t e d  d a i l y  s i n c e  t h e r e  was some tendency 
f o r  t h e  o u t p u t  s i g n a l  t o  d r i f t  w i t h  time. E l e c t r o n i c  problems w i t h  the  a n a l y z e r  
were normal ly  easy  t o  d e t e c t  and c o r r e c t .  On occass ion ,  however, o t h e r  mal- 
f u n c t i o n s  such a s  a f a u l t y  d e t e c t i n g  c e l l  were no t  a s  r e a d i l y  a p p a r e n t ,  and 
t h e s e  r e s u l t e d  i n  some loss  of exper imenta l  t ime. 
The s o r b i n g  beds were charged w i t h  1/16" ex t ruded  molecu la r  s i e v e  
o b t a i n e d  from t h e  Linde Co. A c t i v a t i o n  of t h e  bed c o n s i s t e d  of  removing 
adsorbed moi s tu re  and o t h e r  contaminents by pu rg ing  under vacuum w i t h  l a r g e  
volumes o f  d r y  a i r  f o r  a pe r iod  of about twenty hours .  The adso rben t  w a s  
changed o n l y  t h r e e  t imes du r ing  the course of  t h e  s t u d y ,  when t h e  bed became 
i n a d v e r t e n t l y  contaminated w i t h  vacuum pump o i l ,  when t h e  bed l e n g t h  was 
changed, and f i n a l l y  when t h e  4A adsorbent  w a s  s u b s t i t u t e d  f o r  the  5A molec- 
u l a r  s i e v e .  
Having s e l e c t e d  t h e  s e t  of  o p e r a t i n g  c o n d i t i o n s  t o  be used i n  a 
p a r t i c u l a r  r u n  ( i . e .  , space  v e l o c i t y ,  purge r a t e ,  cyc le  t ime, a d s o r p t i o n  
p r e s s u r e ,  and C02  f eed  c o n c e n t r a t i o n ) ,  t h e  sys tem was allowed t o  o p e r a t e  
f o r  t h r e e  t o  f o u r  complete c y c l e s  p r i o r  t o  r e c o r d i n g  any d a t a .  I n  c o n t r a s t  
t o  t h e  d r y i n g  exper iments  which r e q u i r e d  thousands of c y c l e s ,  a few c y c l e s  
were a l l  t h a t  were needed f o r  t h e  C 0 2  system t o  r e a c h  a s t e a d y  s t a t e  
opera t i o n .  














.+ m N 








- 59 - 
5 . 3 .  Experimental  Design 
The expe r imen ta l  u n i t  b u i l t  f o r  t h e  C 0 2  s o r p t i o n  s t u d i e s  w a s  
designed t o  a l low maximum f l e x i b i l i t y  i n  expe r imen ta t ion .  Although t h i s  
made changing a l l  o p e r a t i n g  v a r i a b l e s  a simple and r a p i d  procedure ,  it neces- 
s a r i l y  r e s u l t e d  i n  a u n i t  which w a s  n o t  o p t i m a l l y  des igned  from t h e  s t a n d -  
p o i n t  of we igh t ,  s i z e ,  power requi rements ,  e t c .  I n  p a r t i c u l a r ,  the  vacuum 
provided f o r  d e s o r p t i o n  w a s  f a r  l e s s  than would be ob ta ined  i n  a system where 
t h e  beds a r e  desorbed t o  space.  
0.5 mm Hg ( a b s )  could  n o t  be o b t a i n e d ;  t h i s  p r e s s u r e  be ing  measured down- 
s t r eam of the  deso rb ing  bed. This  compara t ive ly  h igh  d e s o r p t i o n  p r e s s u r e  
r e s u l t e d  i n  l e s s  e f f e c t i v e  C02 d e s o r p t i o n ,  and consequent ly ,  lower o p e r a t i n g  
c a p a c i t i e s  than would be ob ta ined  i n  systems w i t h  b e t t e r  vacuum. Recog- 
n i z i n g  t h i s  o p e r a t i n g  p rob lem, i t  w a s  decided t o  r u n  conven t iona l  vacuum 
desorbed c y c l e s  i n  o u r  equipment i n  o rde r  t o  provide  base cases  w i t h  
which t o  compare the  purge desorbed runs.  Any d i f f e r e n c e s  noted between 
conven t iona l  and purge a ided  vacuum d e s o r p t i o n  i n  these  exper iments  t h e r e f o r e  
r e f l e c t  r ea l  d i f f e r e n c e s  t h a t  would exist  i n  an a c t u a l  system. 
I n  o u r  s t u d i e s ,  d e s o r p t i o n  p r e s s u r e s  below 
A v e r y  l a r g e  exper imenta l  e f f o r t  would have been r e q u i r e d  i f  the  
C02 sys tem were t o  be eva lua ted  by a s t a t i s t i c a l l y  designed program as 
complete as t h e  one employed i n  t h e  expe r imen ta l  d ry ing  s t u d i e s .  I n  the  
C02 system, s i x  p rocess  v a r i a b l e s  were s t u d i e d  a t  as many as f o u r  d i f f e r e n t  
l e v e l s .  I n c o n t r a s t ,  t h e  d e s i c c a n t  s t u d i e s  involved  on ly  f i v e  v a r i a b l e s  a t  
two d i f f e r e n t  l e v e l s .  Furthermore,  the development of an e q u a t i o n  r e l a t i n g  
c a p a c i t y  (or  a i r  l o s s )  t o  these  independent v a r i a b l e s  would n o t  be d i r e c t l y  
a p p l i c a b l e  t o  a C02 system des ign  because of the  l i m i t a t i o n s  d i s c u s s e d  i n  
the  p reced ing  paragraph .  Consequently,  i t  was dec ided  t o  des ign  an e x p e r i -  
menta l  program based on a modi f ied  c e n t r a l  composite p l an  which would 
pe rmi t  s a t i s f a c t o r y  i n t e r p r e t a t i o n  of  the e f f e c t s  of each of t h e  pro-  
c e s s  v a r i a b l e s .  B a s i c a l l y ,  t h i s  involved e i g h t  d i s t i n c t  areas of i n v e s t i g a -  
t i o n  which covered t h e  f o u r  v a r i a b l e s :  COz p a r t i a l  p r e s s u r e ,  f e e d  ra te ,  bed 
weight  and adso rben t  type.  
were c a r r i e d  as  a d d i t i o n a l  parameters  common t o  each  of t h e s e  areas. 
expe r imen ta l  des ign  i s  desc r ibed  i n  Tables 13 and 13A. Table 1 3  l i s t s  each  
of t h e  v a r i a b l e s  w i t h  the  d i f f e r e n t  l e v e l s  i n v e s t i g a t e d  f o r  each.  A numeri- 
c a l  symbol has  been a s s igned  t o  each of t h e s e  l e v e l s  i n  o r d e r  t o  s i m p l i f y  
t h e  t a b u l a t i o n  of r u n s  p re sen ted  i n  Table 13A, Reference t o  Table 13A shows 
t h a t  i n  t h e  f i r s t  s e t  of  exper iments ,  the combined e f f e c t s  of purge r a t e  and 
c y c l e  t i m e  were s t u d i e d  thoroughly  t o  form a b a s i s  of comparison w i t h  each  
of t h e  o t h e r  r u n s .  Th i s  was r epea ted  p a r t i a l l y  i n  the second se t  a t  a 
h i g h e r  C02 p a r t i a l  p r e s s u r e .  S e t s  3 and 4 were used t o  o b t a i n  t h e  e f f e c t  of 
f eed  r a t e  a t  each  of t h e  two C02 p r e s s u r e s .  
e x p e r i m e n t a l  r u n s  performed t o  observe  t h e  e f f e c t s  of changing bed l e n g t h  t o  
d i ame te r  r a t i o  and columns 7 and 8 r e p r e s e n t  those runs  used t o  compare 
5A and 4A s i e v e .  I n  a l l ,  t h i s  p l an  c a l l e d  f o r  70 s e p a r a t e  r u n s  b u t  i n  f a c t  
t h e  t o t a l  number made amounted t o  many more s i n c e  most of t h e  runs  were 
r e p l i c a t e d  s e v e r a l  t imes .  
D i f f e r e n t  l e v e l s  of purge r a t e  and c y c l e  time 
The 
Columns 5 and 6 r e p r e s e n t  t h e  
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I 
Table 13 
CO Experimental Design -2 
Leve 1 s Inves t iga ted  Symbol 
0 SCFH/Lb Bed 1 
0.3 2 
0 .6  3 
PED Purge cy l inder  volume = 4 
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5.4. EXPERIMENTAL RESULTS 
The r e s u l t s  of the carbon dioxide s o r p t i o n  program a r e  presented 
i n  Sec t ions  5.4.1. through 5.4.5. A t abu la t ion  of a l l  t h e  experimental  
da t a  is  given i n  Appendix 5. 
The ob jec t ive  of t h i s  p a r t  of t h e  program was t o  determine under 
what condi t ions ,  i f  any, purge a ided  vacuum desorp t ion  provided a n  improved 
method of r ,egenerat ing t h e  adsorbent  v i s  a\ v i s  convent ional  vacuum desorp t ion .  
I n  Sec t ion  5.4.1., t h e  r e s u l t s  of using product purge a r e  compared t o  those  
obtained us ing  vacuum desorpt ion.  In Sect ion 5.4.2., t h i s  comparison i s  
extended t o  PED purge. I n  Sect ions 5.4.3. and 5.4.4., t he  changes t h a t  bed 
length  and space v e l o c i t y  make i n  purge e f f e c t i v e n e s s  a r e  considered. 
i n  Sec t ion  5.4.5., a comparison i s  made between t h e  use  of 4A and 5A molecular 
s i e v e s  i n  purge desorbed systems. I n  a l l  f i v e  of t hese  s e c t i o n s ,  the  exper i -  
mental  da ta  a r e  presented i n  f igu res  showing the  r e l a t i o n s h i p  between the  
adso rben t ’ s  capac i ty  ( l b s  C02 adsorbed/Hr/lb s i e v e )  and t h e  amount of a i r  
l o s t  when desorbing the  carbon d ioxide  t o  space vacuum. In  most cases ,  t h e  
po in t s  shown i n  these  f i g u r e s  a r e  averages obtained from r e p l i c a t e d  experiments.  
F i n a l l y ,  
Represent ing the  d a t a  as p l o t s  of  a i r  l o s s  versus  sorbent  
capac i ty  o f f e r s  two advantages. F i r s t ,  such a p l o t  conta ins  a l l  t he  
informat ion  needed t o  generate  a s y s t e m  design.  This can be seen by 
r e f e r i n g  t o  s e c t i o n  5.5 where some examples of des ign  c a l c u l a t i o n s  a r e  
given. Secondly, p resent ing  t h e  d a t a  i n  t h i s  graphica l  form permits  
d i r e c t  de te rmina t ion  of whether the  purge has  helped o r  no t  i n  any 
p a r t i c u l a r  case.  This  can be appreciated more f u l l y  by re ference  t o  
Figure 29. Here, t he  d a t a  curves  a r e  shown f o r  two hypo the t i ca l  m o d e s  
of o p e r a t i o n  (e.g. ,  purge desorp t ion ,  mode 2 ,  versus  vacuum desorp t ion ,  
mode 1)  l a b e l l e d  1 and 2. On the  bas i s  of system capac i ty  and the  a i r  
l o s s  r a t i o ,  t h a t  mode of ope ra t ion  represented by Curve 2 i s  p re fe r r ed  
t o  t h a t  represented  by Curve 1. A t  equiva len t  c a p a c i t i e s  (Poin t  B 
Figure 29 
EXAMPLE OF DATA PRESENTATION 
FOR THE C 0 2  SORPTION EXPERIMENTS 
MODE 1 
/ MODE 2 
B I  I A l  I A 2  
CAPACITY - LBS.  C02/HR./LB. BED 
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f o r  example),  l e s s  a i r  w i l l  be  l o s t  when o p e r a t i n g  a t  t he  former s e t  of p rocess  
c o n d i t i o n s  (Poin t  B2) than  w i t h  t h e  l a t t e r  (Poin t  B l ) .  A l t e r n a t e l y ,  a t  t h e  
same r a t e  of a i r  loss (Poin t  A f o r  example),  t h e  c a p a c i t y  ob ta ined  w i t h  
Opera t ion  2 (Po in t  A 2 )  i s  g r e a t e r  t h a n  t h a t  f o r  Opera t ion  1 (Po in t  A l ) .  Ob- 
v i o u s l y ,  compromise c o n d i t i o n s  which p a r t i a l l y  reduce  bo th  bed s i z e  and a i r  
l o s s  a r e  a l s o  p o s s i b l e .  The impor t an t  p o i n t  t o  emphasize i n  ana lyz ing  such  
curves  i s  t h a t ,  o the r  f a c t o r s  be ing  e q u a l ,  a more f a v o r a b l e  c o n d i t i o n  e x i s t s  
whenever a g iven  se t  of  d a t a  f a l l  below a second se t  of d a t a .  
In  rev iewing  t h e  d a t a  p re sen ted  i n  Sec t ions  5.4.1 through 5.4.5. ,  
i t  should  a l s o  be kept  i n  mind t h a t  t h e  c a p a c i t i e s  shown a r e  lower,  and t h e  
a i r  l o s s e s  higher than  would be ob ta ined  i n  a n  a c t u a l  s p a c e c r a f t  system (or 
a p r o t o t y p e  of one)  des igned  w i t h  a minimum of vo id  space  and o p e r a t i n g  under  
space  vacuum c o n d i t i o n s .  A s  F igu re  30 shows, t h e  b e s t  d e s o r p t i o n  vacuum t h a t  
could be obta ined  i n  t h e s e  experiments  was on ly  500 microns measured a t  t h e  
o u t l e t  of the bed. I n  c o n t r a s t ,  C02 p ro to type  systems t h a t  have been e v a l u a t e d  
have used vacuums of 200 microns o r  less  (26) This  l a r g e  d i f f e r e n c e  i n  vacuum 
b i a s e s  any comparison i n  f a v o r  of t h e  p r o t r t y p e  system. 
One f i n a l  po in t  should  be made concern ing  t h e  p r e s e n t a t i o n  of t h e  
d a t a  i n  t h i s  p a r t  of t h e  r e p o r t .  I n  a l l  c a s e s ,  t h e  product  purge i s  shown 
a s  SCFH/lb molecular s i e v e  r a t h e r  t han  a s  t h e  a c t u a l  v o l u m e t r i c  f low r a t i o s  ( i . e . ,  
Purge CFH /Feed CFH) used f o r  t h e  d r y i n g  exper iments .  The r eason  f o r  t h i s  
i s  t h e  deso rp t ion  p r e s s u r e  was n o t  c o n s t a n t  i n  t h e  CO2 s o r p t i o n  s t u d i e s  b u t  
dec reased  c o n t i n u a l l y  through t h e  d e s o r p t i o n  a s  s h m n  i n  F igu re  30. Conse- 
q u e n t l y ,  t h e  a c t u a l  vo lumet r i c  f low r a t e  of t h e  purge i n c r e a s e d  throughout  
t h e  deso rp t ion  and no one v a l u e  could be a s s i g n e d  t o  i t .  
5.4.1. E f f e c t  of Convent ional  Purge 
The f i r s t  s e r i e s  of exper iments  was made to  de termine  what r e l a t i v e  
system improvements could r e s u l t  i f  conven t iona l  product-purge were used t o  
a i d  vacuum deso rp t ion  of carbon d i o x i d e  from molecular  s i e v e .  The r e s u l t s  
ob ta ined  a r e  shown i n  F igu res  31 and 32. The d a t a  a r e  shown a t  d i f f e r e n t  
cyc le  t i m e s  f o r  two carbon d iox ide  p a r t i a l  p r e s s u r e s .  A t  a l l  c o n d i t i o n s ,  
exper iments  were a l s o  made u s i n g  vacuum d e s o r p t i o n  wi thou t  purge.  Th i s  
provided base c a s e s  t o  which t h e  r e s u l t s  o b t a i n e d  w i t h  purge-aided d e s o r p t i o n  
could be compared. 
It is appa ren t  from t h e  d a t a  t h a t  t h e  use  of  purge i s  b e n e f i c i a l  
over a wide range of o p e r a t i o n .  A l l  purge cu rves  f a l l  below t h e  vacuum d a t a  
f o r  a i r  loss  r a t i o s  i n  excess  of 0.15 l b s  a i r / l b  C 0 2 .  For any d e s i g n  a i r  
l o s s  r a t i o  above t h i s  v a l u e ,  some combinat ion of purge l e v e l  and c y c l e  t i m e  
can t h e r e f o r e  be  s e l e c t e d  which w i l l  r e s u l t  i n  g r e a t e r  system c a p a c i t y  than  
t h a t  corresponding t o  conven t iona l  vacuum d e s o r p t i o n .  A t  a i r  l o s s  r a t i o s  
below t h i s ,  t he  r e s u l t s  ob ta ined  w i t h  purge showed no d i f f e r e n c e  from those  
ob ta ined  wi thout  i t .  For t h e  long space  m i s s i o n s ,  f o r  which t h e s e  r e g e n e r a t i v e  
systems a r e  being cons ide red ,  i t  i s  t h e s e  low a i r  l o s s  r a t e s  t h a t  a r e  of most 
i n t e r e s t .  Therefore ,  product  purg ing  a p p e a r s  t o  o f f e r  no advantage  f o r  t h e s e  long  
miss ions  compared t o  vacuum d e s o r p t i o n  a l t h o u g h  i t  could  have a p p l i c a t i o n  f o r  
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Figure 30 
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Figure 32 
C 0 2  SORPTION - EFFECTS OF CYCLE TIME & PURGE 
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5.4.2. E f f e c t  of PED Purge 
The  e f f e c t s  of u s ing  a PED purge t o  improve vacuum d e s o r p t i o n  
can be s e e n  from t h e  d a t a  p re sen ted  i n  F igu re  33. The s o l i d  symbols 
r e p r e s e n t  c a p a c i t i e s  and a i r  loss f o r  a vacuum system whi l e  t h e  open 
symbols a r e  t h e  cor responding  d a t a  w i t h  PED purge.  
I n  g e n e r a l ,  t h e  i n c r e a s e  i n  c a p a c i t y  ob ta ined  w i t h  PED purge was 
g r e a t e r  than t h a t  ob ta ined  w i t h  product  purge below a i r  l o s s  r a t i o  of abou t  
.6 l b s  a i r / l b  CO2. The most s i g n i f i c a n t  d i f f e r e n c e  between t h e  two purge 
t echn iques ,  however, showed up a t  t h e  v e r y  low a i r  l o s s  r a t i o s  most impor tan t  
f o r  l o n g  space miss ions .  Thus, a t  t h e  h igher  carbon d i o x i d e  c o n c e n t r a t i o n ,  
PED provided a c a p a c i t y  i n c r e a s e  of over  40% compared t o  conven t iona l  vacuum 
d e s o r p t i o n  ( i . e . ,  .065 W/Hr/W v e r s u s  .045 W/Hr/W) a t  a n  a i r  l o s s  r a t i o  of 0.15 
l b s  a i r / l b  CO2. From the  shapes  of t he  cu rves ,  i t  would appear  t h a t  s i m i l a r  
i n c r e a s e s  i n  c a p a c i t y  would be  ob ta ined  a t  longer  c y c l e  times where even less  
a i r  would be los t .  A d d i t i o n a l  improvements might a l s o  be made by i n c r e a s i n g  
t h e  s i z e  of  t h e  purge c y l i n d e r s .  The l i m i t i n g  f a c t o r  i n  doing  t h i s ,  is t h a t  
i n c r e a s i n g  the  PED c y l i n d e r  s i z e  adds  f i x e d  weight  and volume t o  t h e  system. 
I n  a f i n a l  des ign  t h i s  would have t o  be measured a g a i n s t  t h e  accompanying 
r e d u c t i o n  i n  bed s i z e  which could r e s u l t  from t h e  improved c a p a c i t y  accom- 
panying PED purge.  Data now a v a i l a b l e ,  however, a r e  n o t  s u f f i c i e n t  t o  p r e d i c t  
what t h i s  r e l a t i o n s h i p  i s  on a q u a n t i t a t i v e  b a s i s .  
5.4.3. E f f e c t  of Bed Length 
The e f f e c t  of changing t h e  bed l e n g t h  on t h e  v a l u e  of purge 
d e s o r p t i o n  was determined by r educ ing  t h e  l e n g t h  of  t h e  adso rben t  c a n n i s t e r s  
from n i n e  t o  f i v e  inches  a t  c o n s t a n t  c o n d i t i o n s  of c y c l e  t i m e ,  space  ve loc i ty ,  
and carbon d ioxide  p a r t i a l  p r e s s u r e .  The r e s u l t s  o b t a i n e d  a r e  shown i n  
F igu res  34 and 35 f o r  t h e  two carbon d i o x i d e  p a r t i a l  p r e s s u r e s .  
In  a l l  c a s e s ,  both w i t h  and wi thou t  purge,  t h e  r e s u l t s  ob ta ined  w i t h  
t h e  s h o r t e r  bed were b e t t e r  t han  w i t h  t h e  longer  b e d .  C a p a c i t i e s  were a s  much 
a s  f i f t y  pe rcen t  h igher  w i t h  t h e  5- inch  bed,  and t h i s  was t r u e  f o r  b o t h  t h e  
c a s e s  w i t h  and wi thou t  purge.  
Although i t  was known t h a t  s h o r t e r  beds were p r e f e r r e d  f o r  conven- 
t i o n a l  vacuum d e s o r p t i o n ,  t h e r e  was a q u e s t i o n  of  whether  o r  n o t  t h i s  would 
be  t h e  c a s e  f o r  purge a ided  r e g e n e r a t i o n .  I n  vacuum d e s o r p t i o n ,  t h e  r e s u l t  of 
d e c r e a s i n g  bed l e n g t h  i s  t o  r educe  bed p r e s s u r e  drop  and t h u s  provide  a lower,  
more in i fo rmvacuum f o r  more e f f e c t i v e  d e s o r p t i o n  of  t h e  bed. Th i s  i s  a l s o  
t r u e  f o r  purge a i d e d  d e s o r p t i o n  e x c e p t  t h a t  i n  t h i s  c a s e ,  l a r g e r  beds provide  
a g r e a t e r  oppor tun i ty  f o r  t h e  purge gas  t o  deso rb  and e q u i l i b r a t e  w i t h  t h e  
carbon d ioxide  on t h e  molecular  s ieve.  There a r e  t h u s  two oppos ing  f a c t o r s  
i n  purge a ided  d e s o r p t i o n ,  bu t  a s  t h e  d a t a  i n d i c a t e ,  i t  i s  t h e  improved 
vacuum t h a t  is c o n t r o l l i n g .  T h e r e f o r e ,  s h o r t ,  low p res su re -d rop  a d s o r b e n t  
beds a r e  p r e f e r r e d  r e g a r d l e s s  of whether  s o r b e n t  r e g e n e r a t i o n  i s  accomplished 
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Figure 33  
C 0 2  SORPTION - EFFECTS OF PED PURGE 
I I I I I I 
PC02 = 4 
ADSORBENT: 5A M.S. 
BED LENGTH: 9 IN ( .4  LBS) 
SPACE VELOCITY: 139 CFHILB BED 
PC02: 
ADSORPTION PRESSURE: 22 IN Hg (abs) 
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Figure 34 
C02 SORPTION - EFFECT OF BED LENGTH 
I 
ADSORBENT: 5A M.S. 
BED LENGTH: 9 INCHES (.4 LBS) 
SPACE VELOCITY: 139  CFH/LB BED 
PC02: 4.0 mm Hg 
ADSORPTION PRESSURE: 22  IN Hg (abs) 
5 INCHES (.22 LBS) 
0 1 0  0.6 
8 1 0  1.4 
m 20 0 
0 20 0.3 
0 20 0.6 
0 20 1.4 
I 0.01 0.02 0 .03  0.04 0 .05  0.06 0.07 
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ADSORBENT: 5A M.S. 
BED LENGTH: 9 INCHES (.4 LBS) 
SPACE VELOCITY: 139 CFH/LB BED 
PC02: 7.5 mm Hg 
ADSORPTION PRESSURE: 22 IN Hg (abs) 
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5.4.4.  E f f e c t  of Changing Space V e l o c i t y  
Space v e l o c i t y  was s t u d i e d  a s  t h e  f o u r t h  v a r i a b l e  i n  t h e  program 
t o  see what e f f e c t  i t  would have on t h e  r e l a t i v e  v a l u e  of purge.  Three 
levels  of  space v e l o c i t y  were i n v e s t i g a t e d  104, 139 and 173 CFH/lb bed f o r  
each of two carbon d iox ide  p a r t i a l  p r e s s u r e s .  The r e s u l t s  of t h i s  p a r t  of 
t h e  program a r e  shown i n  F igu res  36 and 37. A s  can be no ted ,  t h e  a c t u a l  
e f f e c t  of changing space  v e l o c i t y  on t h e  c a p a c i t y / a i r  l o s s  r e l a t i o n s h i p  
wasn ' t  c l e a r l y  de f ined  i n  t h e s e  exper iments  f o r  e i t h e r  t h e  vacuum o r  t h e  
purge desorbed runs .  
It w a s  expec ted  t h a t  a n  i n c r e a s e  i n  space  v e l o c i t y  would improve 
t h e  c a p a c i t y  o f  t h e  adso rben t  up t o  a p o i n t .  This  improvement would be t h e  
r e s u l t  o f  two f a c t o r s .  F i r s t ,  t h e  i n c r e a s e  i n  gas  v e l o c i t y  accompanying a n  
i n c r e a s e  i n  space  v e l o c i t y  should  improve t h e  mass t r a n s f e r  r a t e  of carbon 
d i o x i d e  from t h e  gas  t o  t h e  a d s o r b e n t .  Consequent ly ,  t h e r e  should  be a 
c l o s e r  approach t o  t h e  maximum c a p a c i t y  p o s s i b l e .  Second, a n  i n c r e a s e  i n  
space  v e l o c i t y  a t  cons t an t  c y c l e  t i m e  means t h a t  more carbon d i o x i d e  passes  
through t h e  adso rb ing  bed each c y c l e .  No p a r t  of t h e  bed should  thus  l a c k  
f o r  i t s  f u l l  compliment of carbon d iox ide .  I n c r e a s i n g  t h e  a d s o r p t i o n  c y c l e  
t i m e  a t  cons t an t  space  v e l o c i t y  should  produce t h e  same r e s u l t s .  A t  low 
space  v e l o c i t i e s ,  o r  cyc le  t i m e s  on t h e  o t h e r  hand, t h e r e  might n o t  be 
enough carbon d iox ide  pass ing  through t h e  bed t o  s a t u r a t e  a l l  t h e  adso rben t  
comple te ly .  The improvement i n  c a p a c i t y  r e s u l t i n g  from i n c r e a s i n g  space  
v e l o c i t y  o r  cyc le  t i m e  would n o t  be expec ted  t o  l a s t  i n d e f i n i t e l y  s i n c e  once 
t h e  adso rben t  had been s a t u r a t e d ,  any a d d i t i o n a l  carbon d i o x i d e  pass ing  over  
t h e  s i e v e  would have no e f f e c t .  
Based on t h e  abo\ie r e a s o n i n g ,  i t  would be  expec ted  t h a t  i n c r e a s i n g  
t h e  space  v e l o c i t i e s  would g i v e  a n  improved c a p a c i t y l a i r  loss  r e l a t i o n s h i p  
up t o  a p o i n t ,  and t h a t  t h e  magnitude of t h e  improvement would d e c r e a s e  w i t h  
i n c r e a s i n g  cyc le  t ime.  In  F i g u r e  37,  bo th  t h e s e  e f f e c t s  can  c l e a r l y  be s e e n .  
For t h e  for ty-minute  c y c l e s ,  t h e r e  i s  l i t t l e  e f f e c t  of i n c r e a s i n g  space  v e l o c i t y .  
I n  c o n t r a s t ,  t h e  c a p a c i t y  con t inues  t o  improve w i t h  i n c r e a s i n g  space  v e l o c i t y  
i n  t h e  s h o r t e r ,  twenty-minute c y c l e s .  I n  F i g u r e  36,  on t h e  o t h e r  hand, t h e  
r e s u l t s  a r e  no longer  c o n s i s t e n t .  For t h e  twenty-minute c y c l e s ,  t h e  d a t a  a t  
t h e  h i g h e s t  space v e l o c i t y  f a l l  between t h e  cor responding  d a t a  a t  t h e  l o w  and 
median v a l u e ,  w h i l e  f o r  t h e  fo r ty -minu te  c y c l e s ,  t h e  low space  v e l o c i t y  
f a l l s  between t h e  o t h e r  two. What i s  probably  be ing  r e f l e c t e d  i n  F i g u r e  36 
a r e  t h e  e f f e c t s  of sma l l  d i f f e r e n c e s  i n  t h e  a c t u a l  carbon d i o x i d e  p a r t i a l  
p r e s s u r e s  a t  d i f f e r e n t  space  v e l o c i t i e s  s i n c e  changing space  v e l o c i t y  r e q u i r e d  
changing both  t h e  a i r  and carbon d i o x i d e  f low r a t e s .  
Within t h i s  mixed p i c t u r e ,  one p e r t i n e n t  p o i n t  s t i l l  emerges,  how- 
e v e r .  On the average ,  the e f f e c t  of changing  space v e l o c i t y  i n  the  purge 
desorbed runs  i s  about  the  same a s  changing  space v e l o c i t y  i n  those  t h a t  
were vacuum desorbed i n  a conven t iona l  manner. Thus, t h e r e  i s  no more adven- 
t age  t o  i n c r e a s i n g  o r  dec reas ing  the  space v e l o c i t y  i n  purge desorbed  systems 









w 1.3 > 
0 
H 

























O0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 
- 7 1  - 
Figure 36 
C 0 2  SORPTION - EFFECT OF SPACE VELOCITY 
1 
ADSORBENT: 5A M.S. 
BED LENGTH: 9 INCHES (.4 LBS) 
SPACE VELOCITY: 139 CFH/LB BED 
173 CFH/LB BED 
104 CFH/LB BED 
i’ PC02: 4 mm Hg ADSORPTION PRESSURE: 22 IN Hg (abs) 
I s  
139 1/2 CYCLE PURGE 
SYMBOL (MINI (SCF H/LB) 
e 10 0 
Q 10 0.3 
0 10 0.6 
rn 20 0 
m 20 0.3 
0 20 0.6 
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5.4.5. Comparison of 4A and 5A Molecular S i e v e s  
A comparison of 4A and 5A molecular s i e v e s  concluded t h i s  phase of 
t h e  expe r imen ta l  program on t h e  use of purge i n  t h e  carbon d iox ide  s o r p t i o n  
system. This comparison was prompted by a d e s i r e  t o  dec rease  t h e  amount of 
a i r  l o s t  when r e g e n e r a t i n g  t h e  s i e v e  ( i . e . ,  improve t h e  c a p a c i t y / a i r  loss 
r e l a t i o n s h i p ) .  Apar t  from purge,  such a i r  loss  r e s u l t s  from a i r  con ta ined  
i n  t h e  v o i d s  of t h e  s o r b e n t  bed and from oxygen and n i t r o g e n  adsorbed by 
t h e  s i e v e .  Exper imenta l  d a t a  i n d i c a t e d  t h a t  i t  was t h e  adsorbed a i r  which 
c o n t r i b u t e d  most t o  t h e  t o t a l  l o s s  of a i r  i n  vacuum desorbed  r u n s . ( a )  me 4~ 
s i e v e  was chosen because  i t s  c a p a c i t y  for oxygen and n i t r o g e n  is  l e s s  t h a n  
t h a t  of t h e  5A s i e v e .  Reference  t o  Figure 38 shows t h a t  i n  t h e  r e g i o n  of  
i n t e r e s t  (5-10 p s i a ) ,  t h e  4A s i e v e  has about 25% l e s s  e q u i l i b r i u m  c a p a c i t y  
f o r  oxygen and abou t  35% less c a p a c i t y  for  n i t r o g e n  than  does 5A s i e v e .  On 
t h e  o t h e r  hand, t h e  c a p a c i t i e s  of t h e  two s i e v e s  f o r  carbon d iox ide  a r e  about  
t h e  same. ( A t  a carbon d iox ide  p a r t i a l  p r e s s u r e  of 4 mm Hg, bo th  s i e v e s  have 
a n  e q u i l i b r i u m  c a p a c i t y  of about  7 w t . % .  A t  a p a r t i a l  p r e s s u r e  of 7.5 mm, 
t h e  carbon d i o x i d e  c a p a c i t y  of t h e  4A s i e v e  i s  8 . 2  w t . %  wh i l e  t h a t  of t h e  
5A s i e v e  i s  8 . 7  w t . % ) .  
To de termine  i f  t h e  d i f f e r e n c e  i n  t h e  o x y g e d n i t r o g e n  c a p a c i t i e s  
would be r e f l e c t e d  i n  a c y c l i c  o p e r a t i o n ,  t h e  d e s o r b a t e s  from comparable 4A 
and 5A vacuum desorbed  r u n s  were analyzed by mass spec t roscopy .  The r e s u l t s  
of t h e s e  a n a l y s e s  a r e  shown i n  Table € 4 .  
Table 14 
Ana lys i s  of Desorba tes  by Mass Spect roscopy 
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3.8 i n  a i r  
Although the d a t a  shows t h a t  4 A  s i e v e  adso rbs  l e s s  a i r  than 5A s i e v e  and 
should  t h e r e f o r e  be p r e f e r r e d  i n  t h e  c y c l i c  p rocess ,  the a c t u a l  c a p a c i t y l a i r  
l o s s  r e s u l t s  d i d  n o t  always s u b s t a n t i a t e  t h i s .  Based on the d a t a  shown i n  
F i g u r e s  39 and 40, t h e  fo l lowing  mixed p i c t u r e  emerges. 
- A t  low C 0 2  p a r t i a l  p re s su res ,  F i g u r e  3 9 ,  t h e  4A s i e v e  i s  
p r e f e r r e d .  Less a i r  w i l l  be l o s t  a t  e q u i v a l e n t  c a p a c i t i e s  
w i t h  t h i s  a d s o r b e n t .  
(a) T h i s  can  be v e r i f i e d  us ing  the deso rba te  (void gas and adsorbed gas)  
composi t ions  shown i n  Table 14 for  the  5A s i e v e .  
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Figure 38 
EQU IL IB RI  UM I SOT HE RM S 
N 2  & O 2  ON 5 A  & 4 A  M.S. 
0. 
700F 4 





































- 7 5  - 
I I 
- ADSORBENT: 4A M.S. 
5A M.S. 
BED LENGTH: 9 INCHES (.4 LBS) 
PC02: 4.0 mm Hg 
- ADSORPTION PRESSURE: 
2 2  IN Hg (abs) 
- SPACE VELOCITY: 139 CFH/LB BEDD 
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Figure 40 
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C 0 2  SORPTION - EFFECT OF ADSORBENT 
ADSORBENT: 4A M.S. 
5A M.S. 
BED LENGTH: 9 INCHES (.4 LBS) 
SPACE VELOCITY: 139 CFH/LB BED 
PC02: 7.5 mm Hg 
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- A t  h igh  C02 p a r t i a l  p r e s s u r e s ,  F igu re  40,  t h e  somewhat h igher  
C 0 2  c a p a c i t y  of t h e  5A s i e v e  provides  a more f a v o r a b l e  c a p a c i t y /  
a i r - l o s s  r e l a t i o n s h i p  f o r  long c y c l e  ( i . e . ,  20 minutes or more 
ha I f  c y c l e  t imes ) . 
- For s h o r t  c y c l e s ,  t h e r e  a r e  more d e s o r p t i o n s l h o u r .  Consequently,  
t h e  r e d u c t i o n  i n  t h e  amount of adsorbed  a i r  which i s  l o s t  d u r i n g  
t h e  d e s o r p t i o n  becomes more impor tan t  t h a n  t h e  i n c r e a s e  i n  c a p a c i t y  
ob ta ined  w i t h  t h e  5A s i e v e .  Therefore ,  4A s i e v e  i s  p r e f e r r e d  i n  
t h i s  s i t u a t i o n .  
- Purge t ends  t o  improve t h e  c a p a c i t y l a i r - l o s s  r e l a t i o n s h i p  f o r  
bo th  t h e  4A and 5A s i e v e s .  
On t h e  b a s i s  of these r e s u l t s ,  i t  can be concluded t h a t  t h e  p r e f e r r e d  
adso rben t  depends p r i m a r i l y  on t h e  carbon d i o x i d e  p r e s s u r e ,  and c y c l e  t ime.  
S ince  long c y c l e  t imes w i l l  be p r e f e r r e d  f o r  r educ ing  a i r  l o s s ,  4A adso rben t  
appea r s  b e s t  when o p e r a t i n g  a t  low carbon d i o x i d e  p r e s s u r e s  (C.4 mm Hg or 
less) ,  w h i l e  5A s i e v e  w i l l  be p r e f e r r e d  when o p e r a t i n g  a t  t h e  h ighe r  carbon 
d i o x i d e  p r e s s u r e s .  
5 . 5 .  Use of  Experimental  Data For Designing 
CO S o r p t i o n  Systems -2 
The d a t a  p re sen ted  i n  F igu res  31 through 39 Df s e c t i o n  5 . 5 .  pro- 
v i d e  a l l  the  in fo rma t ion  r e q u i r e d  t o  s p e c i f y  a system des ign .  The examples 
shown below se rve  t o  i n d i c a t e  how the  d a t a  would be used t o  des ign  s p e c i f i c  
systems f o r  3 man mis s ions .  
become c l e a r  from these  examples. However, i t  i s  impor t an t  t o  a g a i n  empha- 
s i z e  t h a t  because  of equipment l i m i t a t i o n s ,  t h e s e  r e s u l t s  may no t  appear  
a t t r a c t i v e  on an a b s o l u t e  b a s i s .  
The v a l v e  of p roduc t  and PED purge should 
3 Man CO Sorp t ion  System 2 
C02 p roduc t ion  r a t e  
CO p a r t i a l  p r e s s u r e  7 . 5  mm Hg i n  p r e - d r i e d  a i r  
Ad s o r b e n t  5A molecular  s i e v e  
2 .4  l b s .  C02/man/day 
2 
Case I:  Maximum a i r  loss  r a t e  s e t  a t  
- 5  l b s  air/man/day 
. 5  l b s .  a i r /man/day  - .208 l b s .  a i r  l o s t  
2.4 l b s .  C02/man/day l b .  C 0 2  
2.4 l b s .  CO /man day x 3 men124 h r s / d a y  = . 3  l b s  C02/hr 2 
Based on d a t a  from F igures  32 and 33 f o r  a 9" long bed, 
a 139 CFH/lb space v e l o c i t y ,  and a C 0 2  p a r t i a l  p r e s s u r e  
of 7 . 5  mm Hg . ,  the  fo l lowing  t a b l e  can be c o n s t r u c t e d .  
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Capaci ty  @ 
,208 l b s  a i r  lost 
Type of Cycle l b  C02 Half Cycle Time, Min 
Vacuum Desorption (F ig .  32) .048 W / H r  /W - 18 
Produc t  Purge (F ig .  32)  .054 " 20 
PED Purge (F ig .  33)  .065 " 12 
l b s .  adso rben t  Required Gas Flow Rate 
Type of Cycle bed CFM 
V a c u urn De s or p t i on .3/ .048 = 6.25 x 139/60 = 14.5 
Product  Purge . 3 / . 054  = 5.55 " = 12.9 
PED Purge .3/ .065 = 4 . 6 1  = 10.7 
For t h e  product purge r u n  (Figure 32) r e q u i r e d  purge > 0 SCFH/lb but  
SCFH/lb. A t  a c a p a c i t y  of .055 W / H r / W ,  w e  a r e  abou t  1 / 6 t h  of t h e  way between 
0 and .60 SCFH/lb o r  about  .1 SCFH/lb. 
< .60 
R e q u i r e d  Purge i s  . I  x 5.55 = .555 SCFH 
For t h e  PED purge, c y l i n d e r  s i z e  w a s  .065 f t 3 / l b  x 4 .61  l b s  = . 3  f t  3 
Case 11: l b s .  adso rben t /bed  s p e c i f i e d  a t  5 l b s .  
Gas Flow Ra te :  5 x 139 = 11.6 CFM 
Required Capac i ty  = . 3  l b s  C O ? / h r  = .06 W / H r / W  
60 
5 I b s .  
A i r  Loss Rate Lb. A i r  Los t  Half Cycle 
Type of Cycle l b s .  a i r / l b .  C 0 2  Day Time, Min. 
Vacuum Desorption (F ig .  32) > - 4  x 7.2 > 2.9 4 10 
Product  Purge (F ig .  32) . 4  2 .9  20 
PED Purge (Fig.  33) .09 .65 18 
For the  product purge r u n ,  purge i s  abou t  20% o f  t h e  way between 0 and 
. b  SCFH/lb o r  about  . 2  SCFH/lb 
Required purge i s  t h e r e f o r e  . 2  x 5 1 E s .  = 1 . 0  SCFH 
3 3 F o r  t he  PED purge, c y l i n d e r  s i z e  w i l l  be .065 f t  / l b  x 5 l b s  = . 33  f t  
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5.6. CONCLUSIONS AND RECOMMENDATIONS 
The r e s u l t s  ob ta ined  i n  t h i s  p a r t  o f  t h e  program confirm t h a t  purge 
techniques  improve t h e  c a p a c i t y  ( i . e .  , c a p a c i t y / a i r  l o s s  r e l a t i o n s h i p )  of 
t h e  carbon d iox ide  c o n t r o l  system r e l a t i v e  t o  t h a t  ob ta ined  w i t h  conven t iona l  
vacuum deso rp t ion .  For long space miss ions ,  PED would be the  p r e f e r r e d  purge 
method s i n c e  i t  p rov ides  the  lowes t  a i r  l o s s  r a t e s  p o s s i b l e .  The f u l l  e x t e n t  
of the  improvement which PED purge could make i n  a s p a c e c r a f t  system i s  y e t  
t o  be determined.  
s o r b e n t  beds.  Based on t h e  inc reased  c a p a c i t y  ob ta ined  i n  t h e  5" beds f o r  the  
product  purge exper iments ,  t he  corresponding PED r e s u l t s  should a l s o  be improved 
through the  use of s n o r t e r  beds.  Furthermore,  from the r e s u l t s  ob ta ined  w i t h  
the  product  purge technique ,  i t  would appear  t h a t  4A molecular  sieve w o u l d  be 
p r e f e r r e d  f o r  PED c y c l e s  when o p e r a t i n g  a t  low carbon d iox ide  p r e s s u r e s  i n  the  
range of 4 mm Hg. 
The exper iments  w i t h  PED purge were made w i t h  t h e  9" long  
Although,  a r e l a t i v e  improvement was ob ta ined  i n  t h e s e  t e s t s ,  i t  
i s  impor tan t  t o  emphasize t h a t  t h e  f u l l  b e n e f i t  t h a t  may be d e r i v e d  from 
purge-aided d e s o r p t i o n  could no t  be demonstrated because of equipment 
l i m i t a t i o n s .  
made w i t h  equipment des igned  t o  minimize t h e s e  l i m i t a t i o n s .  
program, emphasis shou ld  be g iven  t o  PED purge t echn iques .  
t i o n  of PED purge should  b e  made w i t h  d i f f e r e n t  bed c o n f i g u r a t i o n s ,  space  
v e l o c i t i e s ,  carbon d i o x i d e  p a r t i a l  p re s su res  and s o r b e n t s .  I n c r e a s e  i n  
c a p a c i t y  should  b e  measured a g a i n s t  i n c r e a s e  i n  weight  (volume) a s s o c i a t e d  
wi th  t h e  PED c y l i n d e r s .  
ment r e s u l t i n g  from purge a i d e d  deso rp t ion  could  then  b e  e v a l u a t e d .  
It i s  t h e r e f o r e  recommended t h a t  a d d i t i o n a l  s t u d i e s  be 
I n  any f u t u r e  
A complete evalua-  
When such d a t a  have been ob ta ined ,  t h e  f u l l  improve- 
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APPENDIX 1 
Purge t o  Feed Requirements i n  H e a t l e s s  Adsorp t ion  
In  any H e a t l e s s  Adsorp t ion  p rocess  the  u s e  of a vo lumet r i c  purge 
t o  feed  r a t i o  of a t  l e a s t  1:1 i s  a necessa ry  c o n d i t i o n  f o r  i n s u r i n g  c o n t a i n -  
ment of  the mass f r o n t  w i t h i n  t h e  adso rben t  beds.  Consider  t h e  s i t u a t i o n  
shown i n  the diagram below (F igure  A l - 1 )  
Figure A l - 1  
Product 
t 












Purge Eff luent 
- Adsorption Desorption 
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During a d s o r p t i o n ,  the  f r o n t  end of  t h e  bed e q u i l i b r a t e s  w i t h  t h e  
a d s o r b a t e  a t  i t s  p a r t i a l  p r e s s u r e ,  P f .  
l e a v e s  much l e s s  c o n c e n t r a t e d  i n  the  adsorbable  component and a p o r t i o n  of 
t h i s  l e a n  a d s o r b a t e  w i l l  be t r a n s f e r r e d  from t h e  s o l i d  t o  the  gas s t r eam and 
t h e  p a r t i a l  p r e s s u r e  of t h e  a d s o r b a t e  i n  the purge e f f l u e n t ,  Pp, w i l l  tend 
t o  r e - e q u i l i b r a t e  w i t h  the  bottom end of the bed. 
an i n f i n i t e l y  l a r g e  s a t u r a t i o n  zone t o  i n s u r e  complete r e - e q u i l i b r a t i o n  b u t  
f o r  a l l  p r a c t i c a l  purposes  i t  can be assumed t h a t  some f i n i t e  l e n g t h  of wet 
The product  of t h e  adso rb ing  bed 
Obviously i t  would r e q u i r e  
bed e x i s t s  so  t h a t :  
pp z Pf 
P rov id ing  breakthrough does n o t  o c c u r ,  and assuming the behav io r  
of the  gaseous components can  be r ep resen ted  by the i d e a l  gas  l a w ,  an expres -  
s i o n  can  be w r i t t e n  which g i v e s  the  t o t a l  amount of a d s o r b a t e  removed pe r  
u n i t  c y c l e :  
Moles Adsorbed PfVf 
Cycle RT 
S i m i l a r l y ,  t h e  amount of a d s o r b a t e  desorbed by the purge i s  g iven  by: 
P V  
PP - Moles Desorbed 
Cycle RT 
A t  s t e a d y  s t a t e ,  the  moles adsorbed p e r  cyc le  m u s t  e q u a l  the moles desorbed 
p e r  c y c l e  o r :  




There fo re ,  i f  a d s o r p t i o n  and d e s o r p t i o n  t empera tu res  a r e  about  t h e  same, 
V p  = V f  and t h e  r e q u i r e d  purge t o  f eed  r a t i o ,  d e f i n e d  as V :Vf w i l l  e q u a l  1:l. P 
The use of a 1:l purge t o  feed r a t i o  i s ,  however, a l i m i t i n g  c a s e .  
can  If a purge t o  f eed  r a t i o  g r e a t e r  than 1:l i s  used ( i . e . ,  V >Vf) t h e n  P 
P P P V  be l e s s  t h a n  Pf and s t i l l  have p p = 'fVf . 
RT RT 
f e e d  r a t i o s  above 1:l complete r e s a t u r a t i o n  of the purge i s  n o t  r e q u i r e d  
and so a smaller s a t u r a t i o n  zone can be t o l e r a t e d  and sma l l e r  beds can  be 
used.  
This means t h a t  a t  purge t o  
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L i s t  of Symbols 
p a r t i a l  p r e s s u r e  i n  purge e f f l u e n t  and f e e d  r e s p e c t i v e l y  
t o t a l  S e s o r p t i o n  and t o t a l  a d s o r p t i o n  p r e s s u r e  
r e s p e c t i v e l y  
a c t u a l  volumes of purge and f eed  r e s p e c t i v e l y  
moles of purge and moles of f eed  r e s p e c t i v e l y  
gas  c o n s t a n t  
a b s o l u t e  g a s  t empera tu res  
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APPENDIX 2 
Reasons For Repor t ing  Moisture Content 
of Dried Gas I n  PPM 
The amount of moi s tu re  remaining i n  the  "dry" e f f l u e n t  from the  
d e s i c c a n t  beds can  be expressed  i n  s e v e r a l  d i f f e r e n t  ways. Throughout most 
of t h i s  r e p o r t ,  mo i s tu re  c o n t e n t  has  beed expres sed  i n  terms of PPM ( P a r t s  
- Per M i l l i o n ) .  Th i s  i s  d e f i n e d  by equa t ion  (1): 
PPM H20 i n  g a s .  = (PH20 'atm ) x l o6  (1) 
PH20 = p a r t i a l  p re s su re  H 0 i n  gas  
= a tmospher ic  p re s su re  'a t m  
2 
To compute t h e  p a r t i a l  p r e s s u r e  of wa te r  remaining i n  t h e  e f f l u e n t  from the  
d r y i n g  beds ,  one then simply m u l t i p l i e s :  
It i s  t h i s  p a r t i a l  p r e s s u r e  t h a t  de t e rmines  the  amount of moi s tu re  
c a r r i e d  i n t o  t h e  molecular  s i e v e  beds ,  s i n c e :  
Moles H O / H r  ( i n t o  molecular  s i e v e  beds)  2 
k = p r o p o r t i o n a l i t y  c o n s t a n t  (1 f o r  i d e a l  gas )  
RT 
Vp = 
a c t u a l  vo lumet r i c  flow r a t e  ( e . g . ,  CFH) as o p e r a t i n g  p r e s s u r e  P 
P = a c t u a l  o p e r a t i n g  system p r e s s u r e  
By r ea r r angemen t :  
Moles H O / H r  ( i n t o  molecular  s i e v e  bed) 2 
= k (PPM) (Patm> ( lo6> (Vp) 
= k' (PPM) (Vp) 
where k '  - 
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Equation (5) shows t h a t  the amount of moi s tu re  p a s s i n g  i n t o  t h e  
z e o l i t e  beds depends on ly  on the PPM of H20 i n  the  gas and the  a c t u a l  gas  
f l o w  r a t e  a t  o p e r a t i n g  p r e s s u r e .  It does n o t  depend on the  a c t u a l  o p e r a t i n g  
conducted a t  a t o t a l  p r e s s u r e  of about  11 p s i a  i s  n o t  impor t an t  and t h e  
r e s u l t s  ob ta ined  can be t r a n s l a t e d  d i r e c t l y  t o  o t h e r  systems o p e r a t i n g  a t  
d i f f e r e n t  t o t a l  p r e s s u r e s  provided  t h a t :  
I p r e s s u r e .  The re fo re ,  the  f a c t  t h a t  the exper iments  r e p o r t e d  h e r e  were a l l  
(1)  Actual gas flow r a t e s  through the  system i n  c u b i c  f e e t  pe r  
pound of bed a r e  main ta ined  constani- .  
( 2 )  I n l e t  dew p o i n t s  a r e  the same ( i . e . ,  H 0 p a r t i a l  p r e s s u r e s  2 a r e  e q u a l )  
( 3 )  Bed l e n g t h ,  purge t o  feed r a t i o s  and a d s o r b e n t  are  the same. 
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APPENDIX 4 
Sample C a l c u l a t i o n  For CO S o r p t i o n  Experiments 2 
Data -
Feed r a t e  t o  adso rb ing  bed: 30.5 SCFH 
Bed we igh t :  0.4 l b s .  
Half c y c l e  t ime:  20 min. 










-  14 16   18 20 
T IME - Minutes 
(1) 
i n t e g r a t i o n .  
o b t a i n e d  by c o n v e r t i n g  C02  a n a l y z e r  s c a l e  r e a d i n g s  w i t h  a c a l i b r a t i o n  curve  
provided  by the  manufac turer .  
The f r a c t i o n  of C02 adsorbed from the feed i s  c a l c u l a t e d  by g r a p h i c a l  
The v a l u e s  of C 0 2  p a r t i a l  p r e s s u r e  ( p s i )  i n  Table A6-1 were 
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Table A4-1 
Median 
Segment (% of S c a l e )  P s i  Seg. Width p s i  x Seg. Width 
1 9 .5  .015 1.1 . 01 65 
2 11.5 .018 2.0 .036 
3 17 .027 .054 
4 29.5 .029 .098 
5 42.25 .0745 .149 
6 52.5 .095 .13u 
1 1  .226 7 60.5 .113 
8 67 . 1 2 7  .254 
9 7 2  .138 .276 
10 76.25 .1475 -295 
11 78.75 .1535 1 . 2  .184 
I 1  
I t  
1 1  
1 1  
I t  
I1 
1 1  
20.3 1.7785 T o t a l s  
Average product  CO c o n c e n t r a t i o n  i n  p s i a  i s  g iven  by 
2 
.- 
2 p s i  x s eg .  w id th  = 1.7785 = 
\ s e g .  w id th  
L 
.0876 p s i a  20.3 - 
- V o l  .F rac t ion  CO removed = Feed conc. - Prod. conc.  
Feed conc 2 
,198 - .0986 = 
.198 
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460 + 32 Cycles  
460 + 7 1  f t 3  h r  X 
f t 3  
c y c l e  .1838 
(2)  Volume of Desorbate = 
= I .510 SCFH I 
(3)  Vol. CO i n  Desorbate (hour ly  r a t e )  2 
= Vol. Feed Rate (SCFH) x Vol.  F r a c t i o n  CO i n  Feed x Vol F r a c t i o n  
2 CO, Removed 
L 
.5576 = 1-1 198 PC02 = 30.5 SCFH x 14.7 - x  Patm 
(4 )  Vol.  F r a c t i o n  CO i n  Desorbate 2 
pF-1 = Vol. C 0 7  i n  Desorbate = .2291 SCFH = T o t a l  Desorbate Vol .5576 SCFH 
Vol. F r a c t i o n  A i r  i n  Desorbate 
= 1.0 - Vol. F r a c t i o n  CO i n  Desorbate 
= 1 .0  - .4492 = .5508 
2 
l b .  Moles A i r  ( 5 )  SCF A i r  Los t  = -5598 = 1.23 __+ 
SCF C 0 2  Removed - 1  .4492 l b .  Mole C02 
(6 )  Lbs A i r  Lost  = 1.23 28.97 Lbs,Air/Lb Mole 
Lb CO:, Removed 44.0 Lbs, CO,/Lb Mole 
- Lbs A i r  Los t  - 
Lb C02 Removed 
( 7 )  C 0 2  Capac i ty  (Lb C02/Hr/Lb Bed) 
LFJ Moles x 44 Lbs C02 x 1 = .2291 SCF C 0 2  Removed x -  
H r  359 SCF T h  Mole .4  Lb Bed =I . o n 0  Li-,s C O ? / H r  j 
Lb Bed 




m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m  
I c 
e e o m e c v e w c v  m w \ o v r r - w m m m  
W h l d r D v r h l N P - \ f  
0 0 0 0 0 0 0 0 0  
9 9 9 9 9 9 9 9 9  
a l d  
M\ 
L4x 
5 E r  
4 
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